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I.  Introduction 


Locally  acting  growth  factors  have  many  functions,  including  a  pivotal  role  in  inducing  the  formation  of 
new  blood  vessels  in  a  healing  wound,  as  well  as  in  a  growing  tumor.  Many  studies  involving  a  variety  of 
different  approaches  have  demonstrated  that  a  solid  tumor  mass  caimot  grow  beyond  a  few  millimeters  in  size 
without  a  sufficient  supply  of  blood  to  the  tumor.  Tumor  blood  vessels  provide  a  pathway  for  tumor  cells  to 
metastasize  to  distal  sites,  as  well  as  a  source  of  nourishment  (Fidler  and  Ellis,  1994;  Folkman,  1986;  Folkman 
and  Klagsbum,  1987;  Liotta  et  al,  1991).  It  has  been  reported  that  in  breast  cancer  a  direct  correlation  exists 
between  blood  vessel  density  in  primary  tumors  and  their  metastases  (Bosari  et  al.,  1992;  Horak  et  ah,  1992; 
Toi  et  al,  1993;  Weidner  et  al.,  1992;  Weidner  et  al,  1991).  It  is  interesting  to  note  that  tumor  angiogenesis,  as 
reflected  in  microvessel  density,  is  an  independent  prognostic  indicator  in  breast  cancer  patients  when  tested 
against  other  known  parameters  (e.g.  tumor  size,  estrogen  receptor,  l3miph  node  status,  e-erbB-2  expression). 

The  most  prominent  and  best  studied  angiogenesis  factors  belong  to  the  family  of  fibroblast  growth 
factor  (FGF)  polypeptides  (Baird  and  Klagsbrun,  1991;  Gospodarowicz  et  al,  1987).  FGF-1  and  FGF-2  (aFGF 
and  bFGF,  respectively)  are  unique  in  that  their  biologieal  activities  can  be  quenched  by  binding  tightly  to 
heparansulfate  proteoglycan  molecules  in  the  extracellular  matrix  (Kiefer  et  al,  1990;  Rogelj  et  al,  1989; 
Saksela  et  al,  1988;  Vlodavsky  et  al,  1987).  Two  alternate  mechanisms  of  FGF-1  and  FGF-2  activation  have 
been  established  as  a  result  of  a  multitude  of  studies  over  the  last  decade.  One  mechanism  involves  the 
solubilization  of  FGF-2  from  its  storage  site  by  heparanase  digestion  of  the  glycosaminoglycan  portion  of  the 
cell  attachment  (Bashkin  et  al,  1989;  Moscatelli,  1992;  Vlodavsky  et  al,  1991;  Vlodavsky  et  al,  1988).  The 
second  mechanism  involves  the  binding  of  FGF  to  a  secreted  carrier  protein  delivering  the  activated  FGF  to  its 
target  receptor.  A  secreted  carrier  protein  has  been  described  which  is  able  to  bind  to  FGF-1  and  FGF-2  in  a 
non-covalent,  reversible  manner  (Wu  et  al,  1991).  FGF-2  bound  to  this  protein  was  not  subject  to  degradation 
and  retained  its  mitogenic  activity  (Wu  et  al,  1991).  This  FGF-binding  protein  (FGF-BP)  has  been  studied 
extensively  by  our  laboratory. 

Expression  of  FGF-BP  in  cell  lines  that  express  FGF-2  results  in  these  cells  having  a  tumorigenic  and 
angiogenic  phenotype  (Czubayko  et  al,  1994).  FGF-BP  transfected  cells  have  been  shown  to  release  the 
protein  into  their  media  along  with  FGF-2  in  a  non-covalently  bound  form;  the  released  FGF-2  is  now 
biologically  active.  In  vivo  growth  of  FGF-BP  positive  squamous  cell  carcinoma  (SCC)  and  colon  carcinoma 
cell  lines  were  inhibited  by  FGF-BP-targeted  ribozyme  depletion  of  endogenous  FGF-BP,  supporting  the  idea  of 
an  activating  step  for  locally  stored  FGF-2  resulting  from  expression  and  secretion  of  FGF-BP  (Czubayko  et  al, 
1997). 

FGF-BP  mRNA  is  expressed  in  SCC,  colon,  and  breast  tumor  cell  lines  and  primary  tumor  tissue 
(Czubayko  et  al,  1994).  The  role  of  FGF-BP  during  tumor  progression  has  been  studied  by  our  laboratory 
using  skin  carcinogenesis  as  a  model  for  epithelial  cancers.  We  have  shown  that  FGF-BP  mRNA  is  upregulated 
in  the  skin  during  mouse  development,  but  drops  to  low  levels  in  adult  mouse  skin.  In  both  mouse  and  human 
skin,  FGF-BP  mRNA  and  protein  levels  increase  at  least  3-fold  upon  treatment  with  PKC-activating  TPA  (12- 
0-tetradecanoylphorbol- 13 -acetate),  and  increase  further  in  DMBA/TPA  induced  papillomas  and  carcinomas 
(Kurtz  et  al,  1997).  The  correlation  between  FGF-BP  expression  and  tumor  promotion  by  the  PKC 
activator  TPA  suggests  a  role  for  FGF-BP,  and  its  regulation  by  PKC,  in  tumorigenesis. 

We  have  found  FGF-BP  mRNA  to  be  expressed  in  two  breast  cancer  cell  lines,  and  4  out  of  6  clinical 
samples  of  human  breast  cancers,  by  Northern  Analysis/Ribonuclease  Protection,  and  RT-PCR,  respectively. 
We  have  also  detected  FGF-BP  mRNA  in  the  human  and  mouse  mammary  gland.  This  report  summarizes 
the  findings  by  Violaine  Harris  and  Benjamin  Kagan  as  Pis  of  the  funded  research,  testing  the  role  of 
FGF-BP  in  human  breast  cancer  cell  progression  and  its  regulation  of  expression  by  protein  kinase  C 
(PKC). 


1 


P.I.;  Kasan.  Beniamin  L. 


The  aims  of  the  grant  application  were  the  following: 

Aim  1:  To  study  the  tumor  growth  effects  of  FGF-BP  expression  in  breast  cancer  cells,  and  Aim  2:  To  study  the 
mechanisms  of  regulation  of  FGF-BP  by  protein  kinase  C  (PKC). 

II.  Summary  of  Results 

Figures  noted  in  text  below  are  located  in  Appendix  A. 

Isolation  and  characterization  of  the  human  FGF-BP  promoter.  To  study  the  transcriptional 
regulation  of  the  human  FGF-BP  gene,  genomic  sequences  1.8  kilobases  upstream  from  the  5’  UTR  sequence  of 
the  human  FGF-BP  cDNA  was  isolated  from  a  human  genomic  library.  Sequence  analysis  of  the  promoter 
demonstrated  the  presence  of  numerous  consensus  transcription  factor  binding  sites  which  were  conserved 
between  mouse  and  human  FGF-BP  promoter  sequences  and  may  have  functional  relevance  in  FGF-BP 
regulation.  Consensus  binding  sites  included  a  TATA  box  (required  for  transcriptional  initiation),  a  binding  site 
for  the  CCAAT/enhancer  binding  protein  (C/EBP)  family  of  leucine  zipper  transcription  factors,  an  AP-1 
(Fos/Jun  dimers)  consensus  binding  site,  and  two  Spl  binding  sites.  The  C/EBP  transcription  factor  family 
plays  a  central  role  during  inflammation  and  differentiation  (Lekstrom-Himes  and  Xanthopoulos,  1998). 
Figure  1  shows  an  updated  diagram  representing  positive  and  negative  regulatory  elements  in  the  FGF-BP 
promoter.  The  analysis  of  the  FGF-BP  promoter  was  first  published  in  the  Journal  of  Biological 
Chemistry  in  July  1998  (Harris  et  al.,  1998),  with  Violaine  Harris  (P.I.)  as  first  author. 

Regulation  of  FGF-BP  expression  in  the  ME180  squamous  cell  carcinoma  cell  line 

TPA  regulation  of  the  FGF-BP  promoter  involves  a  repressor  element  juxtaposed  to  the  AP-1  site. 
Phorbol  esters,  such  as  TPA,  act  as  potent  tumor  promoters  through  their  ability  to  activate  protein  kinase  C 
(PKC).  We  found  that  FGF-BP  gene  expression  is  dramatically  upregulated  in  response  to  TPA  treatment  in  the 
ME  180  see  cell  line.  To  study  which  promoter  elements  are  involved  in  TPA  regulation,  a  series  of  promoter 
deletion  mutants  was  generated  and  we  analyzed  the  ability  of  these  mutants  to  drive  the  expression  of  a 
luciferase  reporter  gene.  These  analyses  revealed  that  TPA  regulation  required  an  interplay  between  several 
regulatory  elements,  including  the  juxtaposed  Spl(b)/AP-l  site,  as  well  as  the  C/EBP  site.  The  involvement  of 
these  transcription  factors  in  the  regulation  of  FGF-BP  was  confirmed  by  electrophoretic  mobility  shift  assay 
(EMSA).  These  results  demonstrated  distinct  binding  of  each  of  these  factors  to  their  respective  promoter 
elements.  The  regulation  of  FGF-BP  promoter  was  published  in  JBC  1998  (Harris  et  al.,  1998). 

EGF  regulation  of  FGF-BP  transcription.  Epidermal  growth  factors  (EGF)  are  potent  regulators  of 
cell  proliferation  and  differentiation  of  many  tissue  types.  The  deregulation  of  the  EGF-induced  signaling 
network  has  been  shown  to  play  important  roles  in  the  tumorigenesis  for  several  human  cancers,  including  those 
of  the  brain,  lung,  breast,  ovary,  pancreas,  prostate,  colon,  and  squamous  cell  carcinoma  (SCC)  of  the  skin  and 
cervix  (Donato  et  al,  1993;  Hynes  and  Stem,  1994;  Salomon  et  al,  1995;  Yuspa,  1994).  The  EGF  family  of 
polypeptide  growth  factors  plays  an  especially  important  role  in  the  development  of  the  mammary  gland  and  in 
the  pathogenesis  of  breast  cancer  (Kim  and  Muller,  1999). 

We  examined  the  regulation  of  FGF-BP  by  EGF  in  the  ME180  SCC  cell  line,  and  found  that  EGF 
treatment  caused  a  rapid  induction  of  FGF-BP  mRNA  and  transcription.  Promoter  analysis  using  the  deletion 
constmets  described  above  revealed  that  EGF  induction  was  mediated  through  the  AP-1  and  C/EBP  elements  in 
the  FGF-BP  promoter.  The  identity  of  the  factors  involved  was  confirmed  by  EMSA  demonstrating  the  EGF- 
induced  binding  of  c-Fos  and  JunD  to  the  AP-1  site,  as  well  as  C/EBP (3  and  C/EBP6  to  the  C/EBP  site.  These 
results  therefore  identified  transcription  factor  targets  that  are  important  in  the  regulation  of  FGF-BP  gene 
expression  and  the  stimulation  of  angiogenesis  by  EGF.  The  work  describing  EGF  regulation  of  FGF-BP 
transcription,  with  Violaine  Harris  (P.I.)  as  first  author,  and  Benjamin  Kagan  (P.I.)  as  a  co-author,  was 
published  in  JBC,  April  2000  (Harris  et  al.,  2000a). 

Mitogen-activated  protein  kinase  (MAPK)  signal  transduction  pathways  which  mediate  EGF 
induction  of  FGF-BP.  EGF  signaling  occurs  by  binding  to  the  EGF  receptor  (EGFR  or  HERl),  in  a 
partnership  with  another  EGFR  molecule  or  with  other  members  of  the  EGFR  family  (HER2-4  or  erbB-2  -3,  -4) 
(Tzahar  et  al,  1997).  HER2  plays  a  significant  role  in  the  progression  of  breast  cancer.  Because  it  is 
frequently  amplified  in  more  aggressive  breast  cancers,  HER2  is  currently  a  target  for  breast  cancer  therapy 
(Earp  et  al,  1995;  Kirschbaum  and  Yarden,  2000).  Auto-  or  transphosphorylation  of  the  EGFR  stimulates  a 
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number  of  signal  transduction  pathways,  including  the  classical  MAPK  pathway  (Ras/Raf/MEK/ERK),  which  is 
known  to  phosphorylate  and  activate  AP-1  transcription  factors  (Robinson  and  Cobb,  1997).  PKC  can  mediate 
this  pathway  through  Ras-dependent  or  -independent  mechanisms  (Robinson  and  Cobb,  1997;  Ueda  et  al., 
1996).  Other  signaling  pathways  initiated  by  EOF  include  the  stress-activated  protein  kinase  (SAPKl  or  JNK, 
SAPK2  or  p38)  (Minden  and  Karin,  1997),  the  PI3  kinase  (Moghal  and  Sternberg,  1999),  and  the  JAK/STAT 
pathways  (Ihle,  1996). 

To  determine  which  signaling  pathways  are  involved  in  EGF  induction  of  FGF-BP,  we  chose  to  test 
pharmacological  inhibitors  of  signal  transduction  components  for  their  effect  on  FGF-BP  regulation.  After 
treatment  with  the  EGFR  tyrosine  kinase  inhibitor  Tyrphostin  AG1478,  we  found  reduced  EGF  induction  of 
FGF-BP  mRNA.  Therefore,  the  EGFR  is  essential  for  the  EGF  effect  on  the  FGF-BP  gene.  We  have  shown 
previously  that  TPA  induction  of  FGF-BP  transcription  was  mediated  through  a  PKC-dependent  pathway 
(Harris  et  al,  1998).  To  determine  whether  PKC  activation  was  also  required  for  EGF  induction  of  FGF-BP, 
we  treated  ME180  SCC  cells  with  the  specific  PKC  inhibitor  Calphostin  C  (Kobayashi  et  al,  1989)  and 
observed  a  complete  blockade  of  EGF  induction  of  FGF-BP  mRNA.  This  flnding  demonstrates  that  PKC 
activation  is  central  in  mediating  FGF-BP  transcriptional  activation  upon  either  EGF  or  TPA  stimulation 
in  ME  180  cells. 

To  assess  the  contribution  of  the  MAPK  kinases  (MEKl/2)  to  FGF-BP  regulation,  we  tested  the  effects 
of  pharmacological  inhibition  of  MEKl/2  on  EGF  signaling.  Pretreatment  with  the  drug  U0126,  which  is  a 
potent  inhibitor  of  both  MEKl  and  MEK2,  could  effectively  block  EGF  induction  of  FGF-BP  mRNA. 
Consistent  with  this  result  was  the  observation  that  expression  of  dominant  negative  constructs  of  MEK  blocked 
EGF  induction  of  the  FGF-BP  promoter.  These  results  indicate  that  selective  activation  of  MEK  and  ERK  is 
necessary  for  FGF-BP  gene  regulation. 

EGF  is  also  known  to  signal  via  the  PI3  kinase  pathway  (Moghal  and  Sternberg,  1999).  We  used  the  PI3 
kinase  inhibitor  Wortmannin  to  test  the  contribution  of  PI3  kinase  to  FGF-BP  regulation.  Pretreatment  with 
Wortmannin  had  no  effect  on  EGF  induction  of  FGF-BP  mRNA,  eliminating  a  role  for  PI3  kinase  in  the 
regulation  of  FGF-BP. 

Stimulation  of  the  SAPK  (JNK  and  p38)  pathway  has  been  shown  to  regulate  AP-1  activity  in  response 
to  mitogens  and  stress  (Minden  and  Karin,  1997).  Therefore,  we  tested  whether  JNK  or  p38  activation  could 
induce  FGF-BP  gene  expression,  by  treating  with  the  antibiotic  anisomycin.  Anisomycin  treatment  at 
concentrations  below  200  nM  is  known  to  be  an  effective  stimulator  of  both  JNK  and  p38  (Mahadevan  and 
Edwards,  1991).  Treatment  of  ME180  cells  with  anisomycin  alone  resulted  in  a  significant  and  dose-dependent 
increase  in  FGF-BP  mRNA  levels  up  to  2.3  fold. 

We  then  tested  the  contribution  of  p38  to  FGF-BP  induction  using  the  p38  specific  inhibitors  SB202190 
and  SB203850,  neither  of  which  inhibit  JNK  or  ERKl/2  (Cuenda  et  al,  1995).  Treatment  with  either  drug 
along  significantly  reduced  EGF  and  anisomycin  induction  of  FGF-BP  mPNA  in  dose-dependent  manners.  The 
non-inhibitory  related  compound  SB202474  had  no  effect.  Consistent  with  this  observation  was  that  the 
expression  of  dominant  negative  constructs  for  p38,  and  not  dominant  negative  JNK,  blocked  EGF  induction  of 
the  FGF-BP  promoter.  These  results  demonstrate  that  both  anisomycin  and  EGF  induction  of  FGF-BP 
mRNA  require  p38  activation. 

Overall  these  date  suggest  that  two  important  MAPK  pathways,  MEK/ERK  and  p38,  are  necessary  for 
full  induction  of  FGF-BP  transcription  by  EGF.  This  work  has  been  published  in  Journal  of  Biological 
Chemistry  in  April  2000  (Harris  et  al.,  2000a). 

Identification  of  a  repressor  element  in  the  regulation  of  FGF-BP.  There  exits  a  region  of  low 
homology  between  the  AP-1  and  the  C/EBP  sites  of  the  human  and  mouse  FGF-BP  promoter  sequences.  This 
region  was  not  suspected  to  have  any  effect  on  the  induction  of  the  promoter  by  TPA,  and  therefore  an  internal 
deletion  removing  this  region  (-57  to  -47)  was  used  and  tested  as  a  control.  Using  this  A57/47  construct 
surprisingly  resulted  in  TPA  induction  of  the  FGF-BP  promoter  being  increased  firom  7-  to  14-fold,  suggesting 
the  presence  of  a  possible  repressor  that  might  interact  at  this  site.  The  loss  of  repression  was  also  observed 
upon  treatment  with  EGF,  with  promoter  induction  increasing  from  5-  to  8-fold  after  use  with  the  repressor 
mutant  construct.  Deletion  of  the  region  between  -57  and  —47  disrupts  an  AACGTG  (at  -60  to  -55)  that  is 
juxtaposed  to  the  3’  end  of  the  AP-1  site.  This  sequence  shows  some  similarity  to  the  CACGTG  E-box 
transcription  factor  consensus  sequence  that  is  recognized  by  a  variety  of  basic  helix-loop-helix  leucine  zipper 
(bHLHZip)  factors  (Kadesch,  1993).  To  test  this  “non-canonical”  E-box  for  repressor  activity,  a  C  to  T  point 
mutation  was  introduced  at  position  -58  into  the  -118/+62  FGF-BP  promoter  construct.  Use  of  the  m-58 
construct  conferred  a  dramatic  increase  in  TPA  induction  up  to  18-fold  above  background,  and  EGF 
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induction  up  to  10-fold.  This  data  demonstrates  that  the  point  mutation  at  position  -58,  as  well  as  the 
internal  deletion  from  -57  to  -47,  disrupts  repression  of  the  FGF-BP  promoter  which  normally  limits  the 
response  to  TPA  and  EGF. 

The  activity  of  the  repressor  element  on  the  FGF-BP  promoter  was  not  limited  to  one  cell  line.  The 
mutant  repressor  promoter  construct  (m-58)  showed  increased  TPA  and  EGF  induction  in  the  BT549  and  MCF- 
7  breast  cancer  cell  lines,  as  well  as  the  ME180  and  HeLa  cervical  SCC  cell  lines. 

Binding  of  USF,  c-Myc,  and  Mad2  to  the  repressor  element.  To  vmderstand  the  mechanisms  of 
repression  through  the  FGF-BP  E-box,  we  investigated  whether  we  could  detect  protein-binding  complexes 
using  EMSA  analysis.  We  identified  binding  of  a  distinct  factor  to  the  FGF-BP  E-box  element  that  was 
independent  of  the  AP-1  complex.  Mutational  analysis  convincingly  showed  that  the  nucleotides  within  the  E- 
box  element  (AACGTG),  including  the  C  at  position  -58,  were  all  required  for  repressor  binding.  Using 
antibodies  against  different  transcription  factors  within  the  bHLHZip  family,  we  identified  a  complex 
containing  USFl  (upstream  stimulatory  factor)  and  USF2  binding  to  the  FGF-BP  E-box.  Binding  of  USF  to 
this  site  was  induced  after  TPA  or  EGF  treatment.  While  EMSA  did  not  reveal  any  other  bHLHZip  factor 
binding,  in  vivo  analysis  of  transcription  factor  binding  was  carried  out  using  ChIP  assay.  Formaldehyde-cross- 
linked  chromatin  from  TPA-treated  ME180  cells  was  immunoprecipitated  with  antibodies  to  c-Myc,  Max,  Mad- 
2,  and  USFl.  PCR  using  primers  specific  for  the  FGF-BP  promoter  was  carried  out,  followed  by  Southern 
analysis  with  an  internal  primer.  ChIP  analysis  showed  c-Myc  and  Mad-2  binding,  as  well  as  USFl  thus 
confirming  the  data  obtained  from  EMSA.  USF,  as  well  as  c-Myc  and  Mad-2,  binding  to  the  FGF-BP 
promoter  is  hypothesized  to  repress  transcriptional  induction  by  TPA  and  EGF. 

At  least  two  mechanisms  exist  by  which  USF  binding  to  the  E-box  could  repress  transcriptional 
induction  of  the  FGF-BP  promoter.  First,  USF  could  act  as  a  an  active  repressor  through  recruitment  of  co¬ 
repressors  which  interfere  with  the  efficiency  of  transcription.  Secondly,  USF  binding  itself  might  interfere 
with  the  activity  of  other  positive  regulatory  transcription  factors,  such  as  AP-1.  The  second  possibility  was 
tested  by  generating  a  number  of  promoter  mutants  containing  double  mutations  in  the  AP-l/repressor(-58)  sites 
or  in  the  C/EBP/repressor(-58)  sites,  and  testing  for  loss  of  repression.  We  were  able  to  show  that  the  promoter 
construct  containing  both  C/EBP  and  repressor  mutations  was  still  highly  inducible  (loss  of  repression),  while 
the  double  AP-1 /repressor  mutant  was  not.  This  demonstrated  that  repression  through  the  E-box  site  was 
dependent  on  an  intact  AP-1  site.  The  repressor  mutation  had  no  effect  on  AP-1  binding  or  on  the  composition 
of  AP-1,  suggesting  that  E-box  factor  binding  somehow  interferes  with  AP-1  transactivating  ability.  Therefore, 
repression  through  the  E-box  site  is  AP-1  dependent. 

Repression  of  the  FGF-BP  promoter  through  methylation  of  the  E-box  site.  Aberrant  methylation  is 
known  to  be  closely  associated  with  cancer  profession.  Cytosine  methylation  of  CpG  dinucleotides  is  often 
correlated  with  repression  of  genes  containing  isolated  CpG  dinucleotides  in  the  regulatory  regions  of  their 
promoters.  Due  to  the  presence  of  such  a  CpG  dinucleotide  at  the  core  of  the  FGF-BP  E-box  at  position  —58, 
we  tested  whether  methylation  of  this  site  could  have  a  repressive  effect  on  FGF-BP  transcription.  Loss  of 
methylation  at  this  site,  in  the  -58  (C  to  T)  promoter  mutant  for  example,  would  be  an  alternative  mechanism- 
explaining  the  enhanced  response  of  this  construct  to  TPA  and  EGF.  In  vitro  methylation  of  the  wild-type  FGF- 
BP  promoter  construct  versus  the  m-58  promoter  construct  was  conducted  so  that  the  methylation  pattern  of 
these  promoters  differed  only  at  the  E-box  CpG.  When  the  FGF-BP  E-box  was  methylated,  TPA  induction 
was  dramatically  reduced.  This  demonstrates  that  methylation  of  the  repressor  site  may  be  a  potential 
mechanism  for  limiting  the  transcriptional  response  to  growth  factor  induction  of  the  FGF-BP  gene 
during  cancer  progression. 

The  work  describing  repression  of  the  FGF-BP  promoter  through  the  E-box  site,  with  Violaine 
Harris  as  first  author,  was  accepted  iu  manuscript  form  in  JBC,  in  June,  2000  (Harris  et  al.,  2000b). 

Reeulation  of  FGF-BP  expression  in  the  MDA-MB-468  human  breast  cancer  cell  line 

Detection  of  endogenous  FGF-BP  mRNA  in  MCF-7/ADR  and  MDA-MB-468  human  breast  cancer 
cell  lines.  Previously,  we  were  able  to  show  that  FGF-BP  mRNA  was  expressed  in  9  out  of  15  breast  cancer 
cell  lines,  by  RT-PCR.  To  study  the  regulation  of  FGF-BP  expression  in  breast  cancer  cell  lines,  we  wanted  to 
use  a  quantitative  method  for  detection  of  FGF-BP  mRNA.  A  ribonuclease  protection  assay  specific  for  human 
FGF-BP  was  developed  using  a  riboprobe  derived  from  a  pRC/CMV  vector  plasmid  containing  the  FGF-BP 
open  reading  frame  (Czubayko  et  al.,  1994).  We  were  able  to  detect  FGF-BP  mRNA  only  in  the  MCF-7/ADR 
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cell  line,  an  adriamycin  resistant  clone  of  the  MCF-7  cell  line,  as  well  as  the  ME180  SCC  cell  line,  which  was 
used  as  a  positive  control.  Northern  analysis  was  also  used,  screening  a  wider  array  of  breast  cancer  cell  lines. 
We  were  able  to  detect  expression  of  FGF-BP  mRNA  in  both  MCF-7/ADR  and  the  MDA-MB-468  ceil 
lines.  Expression  of  FGF-BP  mRNA,  as  determined  by  RNase  protection  and  Northern  analysis,  is 
summarized  in  Table  1. 

EGF,  but  not  TPA,  regulation  of  endogenous  FGF-BP  in  MDA-MB-468  cells.  Studies  have  shown 
that  the  MDA-MB-468  cell  line  overexpresses  the  EGFR  as  compared  to  MCF-7  breast  cancer  cells  (Biscardi  et 
al,  1998;  Buick  et  al,  1990).  Biscardi  et  al.  (Biscardi  et  al,  1998)  measure  levels  of  EGFR  to  be  35  fold  that  of 
MCF-7  cells.  Because  the  MDA-MB-468  cell  line,  like  the  ME180  cell  line,  express  high  levels  of  the  EGFR, 
we  decided  to  test  whether  FGF-BP  mRNA  expressed  in  these  cells  can  be  regulated  by  EGF  and/or  TPA. 
MDA-MB-468  cells  were  grown  to  80%  confluency,  serum  starved  for  24  hours,  and  treated  with  EGF  for  1,  3, 
6,  or  24  hours.  FGF-BP  mRNA  levels  were  analyzed  by  Northern  analysis,  and  we  were  able  to  observe  that 
EGF  induced  FGF-BP  upregulation  at  about  3-fold  above  control,  peaking  at  6  hours  of  EGF  treatment  (Figure 
2).  The  time-course  of  EGF  induction  of  FGF-BP  mRNA  in  MDA-MB-468  cells  was  similar  to  that  observed 
in  the  MEl  80  SCC  cell  line,  suggesting  similar  mechanisms  of  regulation  (Harris  et  al,  2000a).  Because  of  this 
similarity,  we  then  tested  whether  TPA  was  able  to  regulate  FGF-BP  in  MDA-MB-468  cells,  as  seen  in  ME  180 
cells.  MDA-MB-468  cells  were  treated  with  TPA  in  a  similar  manner  as  already  published  for  MEl  80  cells 
(Harris  et  al,  1998).  Northern  analysis  revealed  that  TPA  was  not  able  to  effect  levels  of  FGF-BP  m^^A 
expression  at  any  time  point  tested  (Figure  3).  c-Fos  mRNA  levels,  shown  to  be  a  target  of  TPA  through  direct 
activation  of  PKC  (Ron  and  Kazanietz,  1999),  were  measured  as  a  positive  control  for  TPA  activity.  We 
observed  an  increase  in  c-Fos  mRNA  of  about  3  fold  at  1  hour  after  TPA  treatment,  suggesting  that  TPA  did 
retain  its  PKC-inducing  activity  in  the  MDA-MB-468  cells.  These  data  demonstrate  that  EGF  can  regulate 
FGF-BP  in  MDA-MB-468  cells,  in  a  similar  manner  to  ME180  SCC  cells,  but  not  by  the  phorbol  ester 
TPA,  unlike  ME180  cells. 

FGF  regulation  of  the  FGF-BP  promoter  in  MDA-MB-468  cells.  As  described  above,  EGF  induces 
the  upregulation  of  FGF-BP  in  MDA-MB-468  breast  cancer  cells.  To  determine  if  this  regulation  occurred  at 
the  transcriptional  level,  we  tested  whether  EGF  regulated  the  activity  of  FGF-BP  promoter  in  MDA-MB-468 
cells.  As  described  above,  various  portions  of  the  human  FGF-BP  promoter,  full-length,  mutated,  or  deleted, 
have  been  cloned  upstream  of  a  luciferase  reporter  gene.  These  constructs  have  been  used  successfully  to  assess 
the  activity  of  the  FGF-BP  promoter  in  MEl  80  cells  (Harris  et  al.,  2000a;  Harris  et  al.,  2000b;  Harris  et  al., 
1998).  We  were  able  to  show  that  in  MDA-MB-468  cells,  treatment  with  EGF  was  able  to  induce  the  activity  of 
the  -1060/-F62  and  -118/+62  promoter  constructs  4-  to  5-fold  above  basal  (Figure  4).  Deletion  of  either  the 
AP-1  or  the  C/EBP,  and  not  the  Spl(b)  site,  reduced  the  induction  by  EGF  of  the  promoter  constructs, 
suggesting  the  AP-1  and  the  C/EBP  sites  were  necessary  for  EGF  induced  FGF-BP  transcription  in  this  cell  line. 
This  observation  is  similar  to  what  was  observed  in  the  ME180  cells  (Harris  et  al.,  2000a).  Upon  further 
investigation,  cell-type  specific  differences  were  observed.  EGF  treatment  did  not  result  in  the  super-induction 
of  the  m-58  construct,  suggesting  that  the  repressor  E-box  site  was  not  active  in  MDA-MB-468  cells.  Basal 
activity  of  the  FGF-BP  promoter  constructs  in  MDA-MB-468  cells  was  also  studied.  Deletion  of  the  AP-1  site 
resulted  in  a  statistically  significant  decrease  in  promoter  basal  activity,  suggesting  the  AP-1  site  is  necessary 
for  basal  activity.  Deletion  of  the  C/EBP  site  revealed  a  statistically  significant  increase  in  promoter  basal 
activity,  suggesting  differences  in  C/EBP  binding  to  the  site  affecting  both  basal  and  EGF  induced  activity  of 
the  FGF-BP  promoter.  These  data  show  that  EGF  is  able  to  induce  the  activity  of  the  FGF-BP  promoter  in 
MDA-MB-468  cells,  through  the  AP-1  and  C/EBP  sites,  as  seen  in  ME180  cells.  Differences  lie  in  the  fact 
that  the  repressor  function  of  the  E-box  site  is  not  maintained  upon  EGF  treatment.  In  addition,  C/EBP 
binding  to  the  FGF-BP  promoter  may  repress  basal  activity  while  enhancing  promoter  activity  after  EGF 
treatment. 

The  study  of  FGF-BP  regulation  in  breast  cancer  cells  is  being  continued  by  Benjamin  Kagan  as 
P.I.  of  a  recently  accepted  and  funded  (starting  8/1/2000)  pre-doctoral  traineeship  grant  application 
supported  by  DOD  Breast  Cancer  Research  Program. 

The  results  mentioned  above  address  technical  objective  2,  the  mechanisms  of  regulation  of  FGF-BP. 
Because  the  work  addressing  the  second  technical  objective  took  longer  than  anticipated,  in  the  last  six  months 
we  have  begun  to  address  technical  objective  1,  the  study  of  the  tumor  growth  effects  of  FGF-BP  expression  in 
breast  cancer  cells.  We  are  generating  stable  transfected  FGF-BP  expressing  MCF-7  cells  using  a  tetracycline- 
regulated  system,  but  do  not  have  any  data  yet  to  report  regarding  these  cells.  Our  collaborators.  Dr.  Kevin 
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McDonnell  and  Dr.  Anton  Wellstein,  have  been  working  to  develop  transgenic  mice  that  express  FGF-BP.  So 
far,  90  mice  have  been  generated  but  all  have  died  during  embryogenesis,  suggesting  a  possible  role  for  FGF- 
BP  in  development. 

III.  Key  Research  Accomplishments 

•  The  human  FGF-BP  promoter  was  isolated  and  cloned  revealing  positive  and  negative  regulatory  elements 
within  alls  base  pair  region  just  upstream  of  the  FGF-BP  transcription  start  site. 

•  The  phorbol  ester  TPA  was  shown  to  upregulate  FGF-BP  transcription  in  ME180  squamous  cell  carcinoma 
cells.  This  transcription  was  mediated  through  the  activation  of  protein  kinase  C,  and  the  Spl,  AP-1,  and 
C/EBP  positive  regulatory  elements  in  the  FGF-BP  promoter. 

•  The  epidermal  growth  factor  was  shown  to  upregulate  FGF-BP  mRNA  in  ME180  SCC  cells.  Signal 
transduction  was  mediated  through  the  EGFR,  PKC,  MEK/ERK,  and  p38  pathways.  Transcription  was 
mediated  through  the  AP-1  and  C^BP  regulatory  elements  in  the  promoter. 

•  A  region  of  the  human  FGF-BP  promoter  containing  repressor  activity  was  identified  to  bind  the  E-box 
factors  USFl,  USF2,  c-Myc,  and  Mad2.  This  repressor  region  is  contained  within  the  -57  to  -47  region  of 
the  FGF-BP  promoter,  and  is  active  in  TPA  and  EGF-treated  ME180  cells.  Methylation  of  this  E-box  site 
also  confers  the  repressor  activity. 

•  Human  FGF-BP  mRNA  was  found  to  be  expressed  in  the  MCF-7/ADR,  and  MDA-MB-468  breast  cancer 
cell  lines. 

•  EGF,  but  not  TPA,  is  able  to  upregulate  FGF-BP  transcription  in  MDA-MB-468  cells.  EGF-induced  FGF- 
BP  transcription  is  mediated  through  the  AP-1  and  C/EBP  sites  of  the  FGF-BP  promoter.  The  E-box 
repressor  site  is  not  active  in  these  cells. 

IV.  Reportable  Outcomes 

Manuscripts,  abstracts,  and  publications  produced  as  a  result  of  this  funded  research: 

1 .  Harris  VK,  Liaudet-Coopman  ED,  Boyle  B J,  Wellstein  A  and  Riegel  AT,  Phorbol  ester-induced 
transcription  of  a  fibroblast  growth  factor-  binding  protein  is  modulated  by  a  complex  interplay  of 
positive  and  negative  regulatory  promoter  elements.  JBiol  Chem  273(30):  19130-9, 1998. 

2.  Harris  VK,  Liaudet-Coopman  E,  Wellstein  A  and  Riegel  AT,  A  fibroblast  growth  factor  binding  protein 
(FGF-BP)  is  transcriptionally  regulated  by  phorbol  esters  and  retinoic  acid.  In:  Proceedings  of  the 
American  Association  for  Cancer  Research,  89th  Annual  Meeting,  New  Orleans,  LA,  March  28-April 
\,1998. 

3 .  Harris  VK,  Coticchia  CM,  Kagan  BL,  Ahmad  S,  Wellstein  A  and  Riegel  AT,  Induction  of  the 
Angiogenic  Modulator  Fibroblast  Growth  Factor-binding  Protein  by  Epidermal  Growth  Factor  Is 
Mediated  through  Both  MEK/ERK  and  p38  Signal  Transduction  Pathways.  JBiol  Chem  275(15): 
10802-10811,2000. 

4.  Kagan  BL,  Harris  VK,  Coticchia  CM,  Cabal-Manzano  R,  Wellstein  A  and  Riegel  AT,  The  role  of  an 
angiogenic  modulator,  the  fibroblast  growth  factor-binding  protein,  in  breast  cancer.  In:  Era  of  Hope: 

The  Department  of  Defense  Breast  Cancer  Research  Program  Meeting,  Atlanta,  GA,  June  8-June 

1 1,20(10,  pp.  344. 

5.  Harris  VK,  Coticchia  CM,  List  HJ,  Wellstein  A  and  Riegel  AT,  Mitogen-induced  expression  of  the 
FGF-binding  protein  is  transcriptionally  repressed  through  a  non-canonical  E-box  element.  J  Biol  Chem, 
2000. 

Degrees  obtained:  Ph.D.  in  Pharmacology  from  Georgetown  University  conferred  upon  Violaine  Harris  (P.I) 
in  November  of  1998. 

Funding  applied  for  based  on  work  supported  by  this  award:  A  pre-doctoral  traineeship  supported  by  the 
DOD  Breast  Cancer  Research  Program  was  applied  for  in  the  1999  fiscal  year,  and  was  awarded  to  Benjamin 
Kagan  (P.L).  The  title  of  the  funded  work  is  Growth  Factor  Regulation  of  an  Angiogenic  Factor,  the 
Fibroblast  Growth  Factor-Binding  Protein  (FGF-BP),  in  Breast  Cancer. 

Employment/research  opportunities:  Since  receiving  her  Ph.D.,  Violaine  Harris  worked  for  a  year  in  the 
laboratory  of  Dr.  Anna  Tate  Riegel  at  Georgetown  University,  conducting  post-doctoral  research  funded  by  the 
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Susan  Komen  Breast  Cancer  Foundation.  Dr.  Harris  has  since  joined  the  laboratory  of  Dr.  Stuart  Aaronson,  for 
another  post-doctoral  position,  at  the  Mount  Sinai  School  of  Medicine  in  New  York,  New  York. 

V.  Conclusions 

We  have  shown  that  the  phorbol  ester  TP  A,  and  the  growth  factor  EGF,  induces  FGF-BP  transcription  in 
the  ME  180  SCC  cell  line.  The  signal  transduction  pathways  mediating  these  responses  include  protein  kinase 
C,  and  the  classical  MAPK  (MEK/ERK),  and  p38  pathways.  By  identifying  the  pathways  involved,  we  have 
highlighted  several  possible  targets  for  potential  anti-angiogenic  therapy  of  human  cancers,  which  would  utilize 
FGF-BP’s  angiogenic  properties  for  tumor  growth.  We  have  also  demonstrated  that  an  important  aspect  of 
FGF-BP  transcriptional  regulation  is  the  presence  of  an  E-box  that  mediates  AP-1 -dependent  transcriptional 
repression.  Differences  in  USF  and/or  c-Myc  binding  to  the  E-box  site,  along  with  changes  in  the  methylation 
status  of  the  promoter,  may  be  important  mechanisms  by  which  the  extent  of  repression  exerted  on  the  FGF-BP 
promoter  is  de-regulated.  This  would  result  in  an  increase  in  FGF-BP  gene  transcription  and  activation  of  an 
angiogenic  phenotype. 

We  also  were  able  to  observe  FGF-BP  expression  in  the  MDA-MB-468  cell  line.  In  this  model  we 
demonstrated  that  EGF  was  able  to  upregulate  FGF-BP  transcription.  This  is  important  in  the  context  of  breast 
cancer  because  expression  of  the  EGFR  has  been  inversely  correlated  with  ER  expression,  and  along  with 
expression  of  the  EGFR  family  member  HER2,  the  EGFR  has  been  correlated  with  a  poor  prognosis  for  breast 
cancer.  FGF-BP  expression,  and  its  regulation  by  EGF  in  the  MDA-MB-468  breast  cancer  cell  line,  may 
suggest  that  FGF-BP  plays  a  role  in  the  expression  of  a  more  angiogenic  phenotype  in  breast  cancer. 
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VII.  Appendices 

A.  Figures 

Figure  1.  Regulatory  region  of  the  FGF-BP  promoter 
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Table  1.  Levels  of  FGF-BP,  ER,  and  EGFR  in  human  breast  cancer  cell  lines,  (adapted 
from  Biscardi  et  al..  Mol  Carcinog  21 :261-272,  1998) 
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Figure  2.  EGF  induction  of  FGF-BP  mRNA  in  MDA-MB-468  cells.  Northern  blot  (top 
panel),  quantification  of  Northern  blot  (bottom  panel). 
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Figure  3.  TPA  does  not  induce  FGF-BP  mRNA  in  MDA-MB-468  cells,  but  induces 
c-fos  at  1  hour  after  treatment. 
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Earlier  studies  from  our  laboratory  showed  that  a  se¬ 
creted  binding  protein  for  fibroblast  growth  factors 
(FGF-BP)  is  expressed  at  high  levels  in  squamous  cell 
carcinoma  (SCO  cell  lines.  Overexpression  studies  or 
conversely  reduced  expression  of  FGF-BP  by  ribozyme 
targeting  have  elucidated  a  direct  role  of  this  protein  in 
angiogenesis  during  tumor  development.  We  have  also 
observed  a  significant  up -regulation  of  FGF-BP  during 
TPA  (12-0-tetradecanoylphorbol-13-acetate)  promotion 
of  skin  cancer.  Here  we  investigate  the  mechanism  of 
TPA  induction  of  FGF-BP  gene  expression  in  the  human 
ME-180  see  cell  line.  We  found  that  TPA  increased 
FGF-BP  mRNA  levels  in  a  time-  and  dose-dependent 
manner  mediated  via  the  protein  kinase  C  signal  trans¬ 
duction  pathway.  Results  from  actinomycin  D  and  cy- 
cloheximide  experiments  as  well  as  nuclear  transcrip¬ 
tion  assays  revealed  that  TPA  up-regulated  the  steady- 
state  levels  of  FGF-BP  mRNA  by  increasing  its  rate  of 
gene  transcription  independently  of  de  novo  protein 
synthesis.  We  isolated  the  human  FGF-BP  promoter  and 
determined  by  deletion  analysis  that  TPA  regulatory 
elements  were  all  contained  in  the  first  118  base  pairs 
upstream  of  the  transcription  start  site.  Further  muta¬ 
tional  analysis  revealed  that  full  TPA  induction  re¬ 
quired  interplay  between  several  regulatory  elements 
with  homology  to  Ets,  AP-1,  and  CAATT/enhancer  bind¬ 
ing  protein  C/EBP  sites.  In  addition,  deletion  or  muta¬ 
tion  of  a  10-base  pair  region  juxtaposed  to  the  AP-1  site 
dramatically  increased  TPA  induced  FGF-BP  gene  ex¬ 
pression.  This  region  represses  the  extent  of  the  FGF-BP 
promoter  response  to  TPA  and  contained  sequences  rec¬ 
ognized  by  the  family  of  E  box  helix-loop-helix  tran¬ 
scription  factors.  Gel  shift  analysis  showed  specific  and 
TPA-inducible  protein  binding  to  the  Ets,  AP-1,  and 
C/EBP  sites.  Furthermore,  distinct,  specific,  and  TPA- 
inducible  binding  to  the  imperfect  E  box  repressor  ele¬ 
ment  was  also  apparent.  Overall,  our  data  indicate  that 
TPA  effects  on  FGF-BP  gene  transcription  are  tightly 
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controlled  by  a  complex  interplay  of  positive  elements 
and  a  novel  negative  regulatory  element. 


FGF-BP^  is  a  secreted  protein  that  binds  to  acidic  FGF  and 
basic  FGF  in  a  non-covalent  reversible  manner  (1).  FGF-BP 
mRNA  has  been  found  to  be  up-regulated  in  squamous  cell 
carcinoma  (SCO  cell  lines  of  different  origin,  in  SCC  tumor 
samples  from  the  head  and  neck,  and  in  some  colon  cancer  cell 
lines  (1,  2).  More  recently,  developmental  expression  of  the 
mouse  FGF-BP  gene  was  found  to  be  prominent  in  the  skin  and 
intestine  during  the  perinatal  phase  and  is  down-regulated  in 
adult  mice  (3).  We  previously  described  that  expression  of 
FGF-BP  in  a  non-tumorigenic  human  cell  line  (SW-13)  which 
expresses  bFGF  leads  to  a  tumorigenic  and  angiogenic  pheno- 
type  (2).  Expression  of  FGF-BP  in  these  cells  solubilizes  their 
endogenous  bFGF  from  its  extracellular  storage  and  allows  it 
to  reach  its  receptor,  suggesting  that  FGF-BP  serves  as  an 
extracellular  carrier  molecule  for  bFGF  (2,  4).  Expression  of 
FGF-BP  under  the  control  of  a  tetracycline-responsive  pro¬ 
moter  system  in  SW-13  cells  revealed  its  role  during  the  early 
phase  of  tumor  growth  (5).  To  assess  the  significance  of 
FGF-BP  endogenously  expressed  in  tumors,  we  depleted  hu¬ 
man  SCC  (ME-180)  and  colon  carcinoma  (LS174T)  cell  lines  of 
their  FGF-BP  by  targeting  with  specific  ribozymes  (6).  This 
study  showed  that  the  reduction  of  FGF-BP  reduced  the  release 
of  biologically  active  bFGF  from  cells  in  culture.  In  addition, 
the  growth  and  angiogenesis  of  xenografted  tumors  in  mice  was 
decreased  in  parallel  with  the  reduction  of  FGF-BP,  suggesting 
that  some  human  tumors  can  utilize  FGF-BP  as  an  angiogenic 
switch  molecule. 

The  fact  that  FGF-BP  has  been  detected  in  only  a  few  types 
of  tumors,  where  it  seems  to  play  a  crucial  role  in  angiogenesis, 
led  us  to  investigate  the  mechanisms  responsible  for  turning  its 
expression  on  or  off.  Stud5dng  the  regulation  of  FGF-BP  in  SCC 
cell  lines,  we  showed  that  all-^raAzs-retinoic  acid,  used  as  a 
chemotherapeutic  agent  against  SCCs,  down-regulates 
FGF-BP  gene  expression  in  vitro  by  both  transcriptional  and 
post-transcriptional  mechanisms  (7).  In  vivo  all-^raris-retinoic 
acid  treatment  reduces  FGF-BP  expression  in  SCC  xenografts 
and  inhibits  their  tumor  growth  and  angiogenesis  (8).  On  the 
other  hand,  FGF-BP  mRNA  expression  in  the  adult  mouse  skin 
was  found  to  be  dramatically  increased  during  the  early  stages 


^  The  abbreviations  used  are:  FGF-BP,  fibroblast  growth  factor-bind¬ 
ing  protein;  bFGF,  basic  FGF;  TPA,  12-0-tetradecanoylphorbol- 13-ac¬ 
etate;  SCC,  squamous  cell  carcinoma;  PKC,  protein  kinase  C;  C/EBP, 
CAATT/enhancer  binding  protein;  GAPDH,  glyceraldehyde-3-phos- 
phate  dehydrogenase;  IMEM,  improved  minimum  essential  medium; 
kb,  kilobase  pair(s);  DTT,  dithiothreitol;  PCR,  polymerase  chain  reac¬ 
tion;  UTR,  untranslated  region;  CMV,  cytomegalovirus. 
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of  7,12-dimethylbenz[a]anthracene/TPA-induced  mouse  skin 
papilloma  formation  (3),  as  well  as  in  7,12-dimethylbenz[a]an- 
tbracene/TPA-treated  human  skin  grafted  onto  SCID  mice.^ 
Similarly,  FGF-BP  expression  in  vitro  was  up-regulated  in 
epidermal  cell  lines  carrying  an  activated  ras  gene,  implicating 
the  ras/PKC  pathway  in  the  regulation  of  FGF-BP  (3). 

In  this  context,  and  given  the  fact  that  FGF-BP  could  play  a 
critical  role  in  the  development  of  human  skin  cancer,  we 
decided  to  investigate  the  effects  of  the  tumor  promoter  TPA  on 
FGF-BP  gene  regulation.  Our  results  show  that  FGF-BP 
mRNA  expression  is  up-regulated  by  TPA  in  the  ME- 180  SCC 
cell  line  and  that  this  induction  is  mediated  by  direct  transcrip¬ 
tional  mechanisms.  Analysis  of  the  human  FGF-BP  promoter 
reveals  that  the  TPA  induction  is  mediated  by  cooperation  of 
several  inducible  regulatory  elements.  Furthermore,  the  induc¬ 
tion  of  gene  expression  by  TPA  can  be  modified  by  a  repressor 
element  juxtaposed  to  the  AP-1  site  which  contains  sequences 
recognized  by  E  box  element  factors. 

MATERIALS  AND  METHODS 

Cell  Culture — The  ME- 180  squamous  cell  carcinoma  cell  line  was 
obtained  from  American  Type  Culture  Collection  (ATCC,  Rockville, 
MD).  Cells  were  cultured  in  improved  minimum  essential  medium 
(Biofluids  Inc.,  Rockville,  MD)  with  10%  fetal  bovine  serum  (Life  Tech¬ 
nologies,  Inc.). 

Noi'thern  Analysis — ME- 180  cells  were  grown  to  80%  confluence  on 
150-mm  tissue  culture  dishes,  washed  three  times  in  serum-free  IMEM, 
and  then  treated  16  h  later  with  12-0-tetradecanoylphorbol- 13-acetate 
(TPA)  (Sigma)  in  serum-free  IMEM.  Total  RNA  was  isolated  with  the 
RNA  STAT-60  method  using  commercially  available  reagents  and  pro¬ 
tocols  (RNA  STAT-60'’’^,  Tel-Test,  Friendswood,  TX).  30  /xg  of  total 
RNA  were  separated  by  electrophoresis  in  1.2%  formaldehyde-agarose 
gel  and  then  blotted  onto  nylon  membranes  (MSI,  Westboro,  MA).  The 
blots  were  prehybridized  in  6x  SSC  (0.9  M  sodium  chloride,  0.09  M 
sodium  citrate,  pH  7.0),  0.5%  (w/v)  SDS,  5x  Denhardt’s  solution  (0.1% 
(w/v)  Ficoll,  0.1%  (w/v)  polyvinylpyrrolidone,  0.1%  (w/v)  bovine  serum 
albumin,  100  /u,g/ml  sonicated  salmon  sperm  DNA)  (Life  Technologies, 
Inc.)  for  4  h  at  42  “C.  Hybridization  was  carried  out  overnight  at  42  °C 
in  the  same  buffer.  After  hybridization,  blots  were  washed  three  times 
with  2  X  SSC  and  0.1%  SDS  for  10  min  at  42  ®C  and  finally  once  with  IX 
SSC  and  0.1%  SDS  for  20  min  at  65  ®C.  Autoradiography  was  performed 
using  intensifying  screens  at  -70  ®C.  Blots  were  stripped  by  boiling  2  x 
for  10  min  in  Ix  SSC  and  0.1%  SDS.  Hybridization  probes  were  pre¬ 
pared  by  random-primed  DNA  labeling  (Amersham  Pharmacia  Biotech) 
of  purified  insert  fragments  from  human  FGF-BP  (2)  and  human 
GAPDH  (CLONTECH).  The  final  concentration  of  the  labeled  probes 
was  always  greater  than  10®  cpm/ml  hybridization  solution.  Quantita¬ 
tion  of  mRNA  levels  was  performed  using  a  Phosphorlmager  (Molecular 
Dynamics). 

Ill  Vitro  Transcription  on  Isolated  Nuclei — ME -180  cells  were  grown 
to  80%  confluence  on  150-mm  tissue  culture  dishes.  Cells  were  washed 
three  times  in  serum-free  IMEM  and  then  treated  16  h  later  with  TPA 
in  serum-free  IMEM  for  indicated  times.  Nuclei  from  10^  cells  for  each 
time  point  were  isolated  after  incubation  in  lysis  buffer  containing  0.5% 
Nonidet  P-40  as  described  (7).  Nuclear  transcription  assays  were  per¬ 
formed  with  [a;-®^P]UTP  (Amersham  Pharmacia  Biotech)  as  described 
(7).  Equal  amounts  of  radioactivity  (0.5-1  X  10”^  cpm)  were  hybridized 
to  nitrocellulose  filters  containing  3  /rg  of  each  plasmid.  After  hybrid¬ 
ization  for  4  days  at  42  °C,  the  filters  were  washed  4  times  with  2X 
SSPE,  0.1%  SDS  for  5  min  at  25  ®C  and  treated  for  30  min  at  25  ®C  in 
2X  SSPE  containing  20  gg/ml  RNase  A.  The  filters  were  then  washed  4 
times  for  30  min  in  IX  SSPE,  1%  SDS  at  65  ®C.  The  amount  of  radio¬ 
activity  present  in  each  slot  was  determined  using  a  Phosphorlmager 
after  overnight  exposure,  and  autoradiograms  were  exposed  for  1-3 
days  with  intensifying  screens. 

Primer  Extension — Primer  1  was  designed  from  the  coding  region  of 
the  human  FGF-BP  cDNA  (5'-GTGAGGCTACAGATCTTC-3'),  primer  2 
from  the  FGF-BP  5'-UTR  (5'-GTTCACCTTGTTCTGAGCACACG- 
GATCCA-3'),  and  a  control  primer  for  the  1.2-kb  kanamycin  RNA 
(Promega).  10  pmol  of  each  primer  was  labeled  with  T4  polynucleotide 
kinase  (Promega)  and  30  /xCi  of  [y-^^PlATP  (Amersham  Pharmacia 
Biotech)  for  1  h,  and  labeled  primers  were  purified  over  a  Chro- 
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maSpin-lO  gel  filtration  column  (CLONTECH),  Total  RNA  from  ME- 
180  cells  was  isolated  as  described  for  Northern  analysis.  ME-180 
mRNA  was  purified  from  total  RNA  over  an  oligo(dT)-cellulose  column 
(Life  Technologies,  Inc).  100  fmol  of  each  FGF-BP-specific  primer  was 
incubated  with  or  without  7  /u.g  of  ME-180  mRNA  or  control  primer  with 
or  without  2  ng  of  1.2-kb  kanamycin  control  RNA  (Promega)  in  the 
presence  of  avian  myeloblastosis  virus  reverse  transcriptase  buffer  (50 
mM  Tris-HCl,  8  mM  MgCla,  30  mM  KCl,  1  mM  DTT,  pH  8.5,  Boehringer 
Mannheim)  and  allowed  to  anneal  for  1  h  at  50  ®C.  Annealed  mixtures 
were  then  incubated  in  the  presence  of  2  mM  dNTPs,  50  units  of  RNase 
inhibitor  (Boehringer  Mannheim),  and  40  units  of  avian  myeloblastosis 
virus  reverse  transcriptase  (Boehringer  Mannheim)  for  1  h  at  42  °C. 
Samples  were  then  run  on  a  6%  polyacrylamide  sequencing  gel  along 
with  radiolabeled  Ilinfl  markers  and  exposed  overnight  for 
autoradiography. 

Cloning  of  FGF-BP  Gene  Promoter — 1.8  kb  of  genomic  sequence  Ijdng 
upstream  of  the  human  FGF-BP  gene  was  isolated  from  a  human 
genomic  library  using  the  PCR-based  PromoterFinder  DNA  Walking 
Kit  (CLONTECH)  according  to  the  manufacturer’s  recommendations 
using  rTth  XL  DNA  polymerase  (Perkin-Elmer).  Gene-specific  primers 
derived  from  the  5'-UTR  of  the  human  FGF-BP  cDNA  were  5'-ACACG- 
GATCCAGTGCAATCC-3'  (-f91  to  -f-72)  for  the  primary  round  of  PCR 
and  5'-GGAGTGAATTGCAGGCTGCAGCTGTGTCAG-3'  (-f-62  to  -^33) 
for  secondary  PCR.  Secondary  PCR  products  from  a  Dra\  library  (1.1 
kb)  and  Pvull  library  (1.8  kb)  were  cloned  into  a  TA  Cloning  Vector 
pCR2.1  (Invitrogen),  sequenced  by  automated  cycle  sequencing  (ABI 
PRISM  Dye  Terminator  Cycle  Sequencing,  Perkin-Elmer),  and  con¬ 
firmed  to  contain  contiguous  genomic  sequence.  This  sequence  has  been 
submitted  to  GenBank™  (accession  number  AF062639). 

Plasmid  Constructs — Promoter  fragments  were  cloned  into  the  PXPl 
promoterless  luciferase  reporter  vector  (9).  PCR  products  from  Pvull 
(“1829/-t62)  and  Dral  (-1060/-}- 62)  libraries  were  removed  from 
pCR2.1  using Hindlll  and  Xhol  sites  in  the  pCR2.1  multiple  cloning  site 
and  ligated  into  the  Hindlll  and  Xhol  site  of  PXPl  to  generate  pX-1829/ 

-f  62Luc  and  pX-1060/+62Luc.  Both  constructs  contained  a  BamHl  site 
carried  over  from  the  pCR2.1  vector  and  located  3'  of  the  FGF-BP 
sequence  and  5'  of  the  luciferase  gene.  The  5'  promoter  deletion  con¬ 
structs  pX-118/-F^62Luc,  pX-93/-t-62Luc,  pX-77/-l-62Luc,  pX-67/-}-62Luc, 
pX-56/+62Luc,  and  pX-31/+62Luc  were  generated  by  PCR  from  pX- 
1060/ -I- 62  Luc  template  using  upstream  primers  spanning  -118  to 
-100,  -93  to  -76,  -77  to  -59,  -67  to  -49,  -56  to  -35,  and  -31  to 
-11,  respectively,  all  containing  a  5'-linked  BamHl  site.  Downstream 
primer  was  derived  from  the  luciferase  gene  5'-CCATCCTCTAGAG- 
GATAGAATGGCGCCGGGCC-3'.  PCR  was  carried  out  using  Tag  DNA 
Polymerase  (Boehringer  Mannheim).  Products  were  cut  with  BamHl, 
gel-purified,  and  cloned  into  the  PXPl  BamHl  site.  Correct  sequence 
and  orientation  were  verified  by  dideoxynucleotide  chain  termination 
sequencing  with  a  Sequenase  kit  2.0  (U.S.  Biochemical). 

Internal  promoter  deletions  were  generated  by  PCR-based  site-di¬ 
rected  mutagenesis.  Complementary  overlapping  oligonucleotides  con¬ 
taining  specific  promoter  deletions  were  generated  as  follows.  Ets  site 
deletion  from  -76  to  -67  was  incorporated  into  primers  spanning  -58 
to  -93  and  -85  to  -47;  AP-1  site  deletion  from  -65  to  -58  was 
incorporated  into  primers  spanning  —47  to  —83  and  —72  to  —35; 
Ets/AP-1  site  deletion  from  -76  to  -58  was  incorporated  into  primers 
spanning  -49  to  -93  and  -85  to  -36;  C/EBP/3  site  deletion  from  —47 
to  —33  was  incorporated  into  primers  spanning  —24  to  —66  and  —57  to 
-11;  and  deletion  from  -57  to  -47  was  incorporated  into  primers 
spanning  —35  to  -75  and  -69  to  —27.  The  -58  point  mutant  was  made 
by  incorporating  a  C  to  T  point  mutation  at  position  -58  into  primers 
representing  both  strands  from  —70  to  —51.  For  each  construct,  two 
separate  PCR  reactions  were  carried  out  with  either  the  RamHI-linked 
-118  to  -99  upstream  primer  or  the  luciferase-specific  downstream 
primer.  The  products  were  separated  from  excess  primers  and  mixed, 
denatured,  and  allowed  to  reanneal.  Amplification  of  the  heteroduplex 
with  overlapping  3'  ends  was  carried  out  by  3'  extension  in  the  absence 
of  primers  followed  by  amplification  using  outside  primers  (BamHI- 
linked  -118  to  -99  primer  and  Luciferase-specific  primer)  in  a  second¬ 
ary  round  of  PCR.  Final  PCR  products  were  digested  with  BamHl, 
gel-purified,  and  ligated  into  the  PXPl  BamHl  site.  Correct  sequence 
and  orientation  were  verified  by  dideoxynucleotide  chain  termination 
sequencing  with  a  Sequenase  kit  2.0  (U.  S.  Biochemical  Corp.).  To 
control  for  TPA  effects  on  vector  sequences  unrelated  to  the  FGF-BP 
promoter  insert,  we  tested  a  number  of  non-TPA  responsive  promoters 
inserted  into  the  PXP  1  vector  for  their  response  to  TPA  under  the 
conditions  used  in  our  experiments.  Control  vectors,  as  seen  in  Fig.  6, 
consisted  of  fragments  of  the  pro-opiomelanocortin  promoter  (10),  the 
thymidine  kinase  minimal  promoter  (9),  or  the  CMV  minimal  promoter 
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which  were  cloned  into  PXPl  vector.  All  these  vectors  demonstrated  an 
approximately  2-fold  induction  after  TPA  treatment  (see  “Results”). 

Transient  Transfections  and  Reporter  Gene  Assays  24  h  before 
transfection,  ME-180  cells  were  plated  in  6-well  plates  in  IMEM,  10% 
FBS  at  a  density  of  750,000  cells/well.  For  each  transfection,  1.0  pg 
FGF-BP-luciferase  construct  and  10  pi  of  Lipofect AMINE  Reagent  (Life 
Technologies,  Inc.)  were  combined  in  200  pi  of  IMEM,  and  liposome- 
DNA  complexes  were  allowed  to  form  at  room  temperature  for  30  min. 
Volume  was  increased  to  1  ml  with  IMEM,  added  to  rinsed  cells,  and 
incubated  for  3  h  at  37  “C.  Cells  were  washed  and  incubated  in  IMEM 
for  3  h  and  then  treated  for  18  h  with  vehicle  alone  (MegSO,  final 
concentration  0.1%)  or  10  M  TPA.  Transfection  efficiency  for  each 
construct  was  determined  by  co-transfection  with  1.0  ng  of  a  CMV- 
driven  Renilla  luciferase  reporter  vector  pRL-CMV  (Promega)  and 
found  to  be  the  same  for  all  BP-PXPl  constructs.  However,  due  to  a 
2-fold  background  TPA  induction  of  pRL-CMV  (see  above),  results  were 
normalized  for  protein  content  and  not  for  Renilla  luciferase  activity. 
Cells  were  lysed  by  scraping  into  150  pi  of  Passive  Lysis  buffer  (Pro¬ 
mega),  and  cell  debris  was  removed  by  brief  centrifugation.  20  pi  of 
extract  was  assayed  for  both  firefly  and  Renilla  luciferase  activity  using 
the  Dual-Luciferase'^^  Reporter  assay  system  (Promega).  Light  inten¬ 
sity  was  measured  in  a  Monolight  2010  luminometer.  Light  units  are 
expressed  firefly  light  units/pg  of  protein.  Protein  content  of  cell  ex¬ 
tracts  was  determined  by  Bradford  assay  (Bio-Rad). 

Gel  Shift  Assays— ME-180  cells  were  grown  to  80%  confluency  on 
150-mm  dishes,  serum-starved  for  6  h,  and  treated  with  or  without  10 
M  TPA  for  90  min.  Nuclear  extracts  were  prepared  according  to  Dignam 
et  al.  (11)  with  the  following  modifications.  Pelleted  cells  were  resus¬ 
pended  in  1  ml  of  buffer  A  (15  mM  KCl,  10  mM  HEPES,  pH  7.6,  2  mM 
MgCls,  0.1  mM  EDTA,  1  mM  DTT,  0.1%  Nonidet  P-40,  1  mM  sodium 
orthov’anadate)  (12)  with  lx  Complete*^^  protease  inhibitor  mixture 
(Boehringer  Mannheim)  and  incubated  on  ice  for  10  min.  Crude  nuclei 
were  pelleted  at  700  g  and  resuspended  in  50  pi  of  ice-cold  buffer  C  (0.42 
M  NaCl,  20  mM  HEPES,  pH  7.9,  25%  glycerol,  0.2  mM  EDTA,  0.5  mM 
DTT,  1  mM  sodium  orthovanadate,  lx  Complete'^^  protease  inhibitor 
mixture)  and  vortexed  at  4  °C  for  15  min.  After  centrifugation  for  10 
min  at  1000  X  g,  supernatant  was  used  directly  in  binding  assays  and 
stored  at  -70  °C. 

4.8  pmol  of  each  synthetic  double -stranded  oligonucleotide  was  la¬ 
beled  with  T4  polynucleotide  kinase  (Promega)  and  50  pCi  of 
[y-^2p]ATP  (Amersham  Pharmacia  Biotech)  for  30  min,  and  labeled 
primers  were  purified  over  a  G-25  Sephadex  column  (Boehringer  Mann¬ 
heim).  Binding  reactions  consisted  of  2.5  pg  (—80/— 63  probe)  or  5  pg  of 
ME-180  nuclear  extracts,  binding  buffer  (10  mM  Tris,  pH  7.5,  10  mM 
KCl,  5%  glycerol,  0.1  mM  DTT,  0.1  mM  EDTA),  and  200  ng  of  poly(dl-dC) 
(-80/--63  and  -70/-51  probes)  or  1.0  pg  of  poly(dA-dT)  (-55/-30 
probe)  and  incubated  for  10  min  on  ice.  Unlabeled  competitor  oligonu¬ 
cleotides  were  added  and  incubated  for  another  10  min  before  adding  20 
fmol  of  labeled  probe.  Reactions  were  carried  out  45  min  on  ice  and 
analyzed  by  6%  polyacrylamide  gel  electrophoresis  in  IX  TBE  buffer  at 
80  V.  The  AP-1  consensus  sequence  was  5'-CTAGTGATGAGTCAGCC- 
GGATC-3'. 

RESULTS 

TPA  Increases  FGF-BP  mRNA  in  SCCs— We  have  previously 
detected  an  up-regulation  of  FGF-BP  mRNA  following  TPA 
treatment  of  mouse  skin  during  the  development  of  skin  tu¬ 
mors  (3)  and  also  in  human  skin  xenografts.^  These  data  sug¬ 
gest  that  the  control  of  this  angiogenic  switch  factor  may  play 
an  important  role  in  skin  carcinogenesis.  To  examine  this  fur¬ 
ther  we  studied  the  effect  of  the  tumor  promoter  TPA  on 
FGF-BP  gene  expression  in  ME-180  cells  which  express  high 
levels  of  the  FGF-BP  transcript  (7).  Cells  were  treated  with 
10“'^  M  TPA  from  1  to  24  h  which  resulted  in  an  increase  in  the 
steady-state  levels  of  FGF-BP  mRNA  detectable  1  h  after  treat¬ 
ment  (Fig.  h4).  Phosphorlmager  analysis  showed  that  the  in¬ 
duction  was  maximal  after  6  h  by  452  ±  44%  (Fig.  lA).  GAPDH 
mRNA  remained  unaffected  by  TPA  treatment,  as  judged  rel¬ 
ative  to  the  total  amount  of  RNA  loaded  and  was  used  to 
standardize  FGF-BP  mRNA.  The  dose  dependence  of  TPA  in¬ 
duction  of  FGF-BP  mRNA  in  ME-180  is  shown  in  Fig.  IB.  We 
estimated  the  half-maximal  effective  concentration  as  1  nM. 
The  inductive  effect  of  TPA  on  FGF-BP  mRNA  was  also  ob¬ 
served  in  two  other  SCC  cell  lines,  FaDu  and  A431  (data  not 


shown)  demonstrating  that  TPA  induction  of  FGF-BP  mRNA  is 
generally  preserved  in  SCC  cell  lines. 

To  establish  whether  TPA  induction  of  FGF-BP  mRNA  was 
mediated  through  a  PKC-dependent  pathway,  ME-180  cells 
were  pretreated  or  not  pretreated  for  2  h  with  100  nM  highly 
specific  PKC  inhibitor,  calphostin  C  (13),  and  then  treated  with 
or  without  10  ^  M  TPA  for  4  h.  As  can  be  seen  in  Fig.  1C, 
pretreatment  of  the  cells  with  calphostin  C  prior  to  TPA  treat¬ 
ment  totally  blocked  the  TPA  effect,  demonstrating  that  the 
induction  of  FGF-BP  transcript  by  TPA  is  mediated  via  a  PKC- 
dependent  mechanism.  In  addition,  it  is  known  that  TPA 
causes  an  immediate  up-regulation  of  PKC  followed  by  long 
term  down-regulation  of  PKC  activity.  In  contrast,  although 
long  term  calphostin  C  appears  to  be  able  to  down-regulate 
protein  kinase  C,  it  does  not  cause  early  induction  of  PKC 
activation  but  rather  blocks  the  inductive  effects  of  TPA  on 
PKC  (14).  Thus  the  fact  that  Calphostin  C  causes  no  induction 
of  FGF-BP  mRNA  and  blocks  the  TPA  effect  argues  that  induc¬ 
tion  of  FGF-BP  mRNA  is  through  an  up-regulation  of  PKC 
activity  rather  than  a  consequence  of  long  term 
down-regulation. 

Mechanism  of  TPA  Induction  of  FGF-BP  mRiVA— We  have 
previously  shown  that  FGF-BP  gene  expression  can  be  regu¬ 
lated  through  both  transcriptional  and  post-transcriptional 
mechanisms  (7).  Therefore  we  next  attempted  to  determine 
whether  the  TPA  induction  of  FGF-BP  mRNA  was  at  the  tran¬ 
scriptional  or  post-transcriptional  level.  We  first  assessed 
whether  TPA  treatment  affected  the  stability  of  the  FGF-BP 
mRNA.  Experiments  were  performed  to  determine  whether 
addition  of  inhibitors  of  transcription  (actinomycin  D)  or  trans¬ 
lation  (cycloheximide)  could  inhibit  the  TPA  induction  of 
FGF-BP  mRNA.  Actinomycin  D  (5  /xg/ml)  or  cycloheximide  (10 
/LLg/ml)  were  added  with  or  without  TPA  (10“^  m),  and  FGF-BP 
mRNA  levels  were  determined  6  h  after  treatment.  As  shown  in 
Fig.  2A,  simultaneous  addition  of  TPA  and  actinomycin  D  com¬ 
pletely  blocked  the  TPA  induction,  whereas  simultaneous  ad¬ 
dition  of  TPA  and  cycloheximide  had  no  effect.  These  data 
suggest  that  TPA  directly  increased  the  rate  of  FGF-BP  gene 
transcription  independently  of  de  novo  protein  synthesis  and 
did  not  affect  the  stability  of  the  FGF-BP  transcript.  To  verify 
further  that  the  stability  of  the  FGF-BP  transcript  was  not 
modified  by  TPA  treatment,  ME-180  cells  were  pretreated  for 
2  h  with  TPA  and  then  actinomycin  D  was  added  to  inhibit 
transcription.  As  shown  in  Fig.  2B,  pretreatment  of  cells  with 
TPA  did  not  increase  the  half-life  of  the  FGF-BP  mRNA  indi¬ 
cating  that  the  stability  of  the  FGF-BP  transcript  is  not  af¬ 
fected  by  TPA. 

To  prove  directly  that  TPA  increases  the  rate  of  transcription 
of  the  FGF-BP  gene,  we  then  performed  nuclear  transcription 
run-on  assays.  ME-180  cells  were  treated  with  or  without  10“^ 
M  TPA  for  various  periods.  ^^P-Labeled  nascent  transcripts 
were  prepared  from  isolated  ME-180  cell  nuclei  and  hybridized 
to  a  nylon  membrane  bearing  immobilized  target  DNA  se¬ 
quences.  As  shown  in  Fig.  3,  TPA  increased  FGF-BP  transcript 
levels  maximally  after  1  h  of  treatment.  Quantitation  and 
normalization  to  /3-actin  showed  that  FGF-BP  transcription 
was  up-regulated  by  647  ±  1,  448  ±  16,  and  197  ±  31%  after  1, 
4,  and  24  h  of  treatment,  respectively  (Fig.  3).  jS-Actin  plasmid 
DNA  was  used  as  a  control  since  transcription  of  this  gene 
remained  constant.  These  findings  are  consistent  with  the 
above  results  studying  steady-state  mRNA  and  the  effects  of 
actinomycin  D  and  cycloheximide  treatment.  Clearly  the  induc¬ 
tion  of  FGF-BP  mRNA  by  TPA  in  ME-180  cells  is  directly  due 
to  a  rapid  up-regulation  of  transcription. 

Isolation  and  Characterization  of  the  Human  FGF-BP  Pro- 
mo/er— In  order  to  understand  better  the  transcriptional  reg- 
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Fig.  1.  TPA  effect  on  FGF-BP  mRNA  in  the  ME-180  SCC  cell  line.  The  respective  upper  panels  for  (A-C)  are  representative  Northern  blot 
analyses  performed  with  30  pg  of  total  RNA/Iane  as  described  under  “Materials  and  Methods.”  Bands  corresponding  to  FGF-BP  mRNA  (1.2  kb) 
and  the  control  gene  GAPDH  mRNA  (1.3  kb)  are  indicated.  The  respective  lower  panels  (A-C)  show  results  from  quantitation  of  Northern  blots. 
Signal  intensities  were  quantified  by  phosphorimaging  and  normalized  to  the  control  gene,  GAPDH.  The  mean  ±  S.D.  of  two  separate  experiments 
is  given.  A,  time  dependence  of  FGF-BP  mRNA  induction  after  exposure  to  lO”*^  M  TPA.  B,  concentration  dependence  of  FGF-BP  mRNA  after  6  h 
induction  by  TPA.  C,  the  effect  of  calphostin  C  on  the  TPA  induction  of  FGF-BP  mRNA.  ME-180  cells  were  pretreated  or  not  pretreated  for  2  h  with 
10“'^  M  calphostin  C  {CalO  and  then  treated  for  4  h  with  or  without  10“'^  M  TPA  in  absence  or  presence  of  calphostin  C. 


ulation  of  the  human  FGF-BP  gene,  1.8  kb  of  genomic  sequence 
upstream  to  the  known  5'-UTR  sequence  of  human  FGF-BP 
cDNA  was  isolated  from  a  human  genomic  library  and  se¬ 
quenced.  The  transcription  start  site  of  the  human  gene  was 
determined  using  primer  extension  analysis  with  nested  prim¬ 
ers  derived  from  known  cDNA  sequence  (Fig.  4).  The  precise 
start  site  compatible  with  the  primer  extension  results  is  indi¬ 
cated  in  Fig.  5.  Alignment  between  the  human  and  mouse 
FGF-BP  promoter  which  we  cloned  previously  (3)  revealed  a 
region  of  high  homology  with  70%  nucleotide  identity  within 
the  first  200  nucleotides  upstream  from  the  transcription  start 


(Fig.  5).  Nucleotide  homology  dropped  significantly  in  more 
upstream  sequences,  suggesting  that  the  proximal  conserved 
200  nucleotides  of  the  promoter  could  be  important  for  tran¬ 
scriptional  regulation  of  FGF-BP  in  both  species. 

Sequence  analysis  of  the  promoter  demonstrated  the  pres¬ 
ence  of  numerous  consensus  transcription  factor  binding  sites 
that  were  conserved  between  mouse  and  human  FGF-BP  pro¬ 
moters  and  that  may  have  functional  importance  in  FGF-BP 
regulation.  As  shown  in  Fig.  5,  a  consensus  TATA  box  is  located 
at  about  —25  base  pairs  upstream  from  the  transcription  start 
for  both  promoters.  Between  -48  and  -40  of  the  human 
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Fig.  3.  Transcription  run-on  analysis  of  the  effects  of  TPA  on 
FGF-BP  gene  expression.  Nuclei  were  isolated  from  subconfluent 
layers  of  ME-180  cells  treated  or  not  with  10“'^  M  TPA  for  1,  4,  or  24  h, 
and  nascent  RNA  was  extended  in  vitro  as  described  under  “Materials 
and  Methods.”  Labeled  RNAs  (10'^  cpm)  were  hybridized  to  nylon  mem¬ 
branes  on  which  3  /xg  of  the  pRC/FGF-BP  vector  was  immobilized. 
/3-Actin  was  used  as  an  internal  control  and  pRC/CMV  as  a  background 
control  vector.  Signal  intensities  were  quantified  by  phosphorimaging 
and  normalized  to  the  control  gene  jS-actin.  Hybridization  data  are 
shown  in  the  upper  panel  and  quantitative  data  (mean  rt  S.D.)  derived 
from  two  independent  experiments  in  the  lower  panel. 


Fig.  2.  Mechanism  of  TPA  induction  of  FGF-BP  mRNA  levels. 

The  respective  upper  panels  of  A  and  B  are  representative  Northern  blot 
analyses  performed  as  described  in  the  legend  to  Fig.  1.  The  respective 
lower  panels  of  A  and  B  represent  quantification  of  data  in  upper  panels. 
Signal  intensities  were  quantified  by  phosphorimaging  and  normalized 
to  GAPDH.  Results  represent  mean  ±  S.D.  of  two  independent  exper¬ 
iments.  A,  effect  of  actinomycin  D  and  cycloheximide  on  the  FGF-BP 
mRNA  induction  by  TPA.  ME-180  cells  were  treated  for  6  h  in  the 
absence  or  presence  of  10"'^  M  TPA  in  combination  with  5  pg/ml  acti¬ 
nomycin  D  (Ac^D)  or  10  pg/ml  cycloheximide  {CHX).  B,  analysis  of 
turnover  of  FGF-BP  mRNA  in  TPA-treated  cells.  ME-180  cells  were 
treated  with  vehicle  alone  or  lO^"^  M  TPA  for  2  h,  and  5  pg/ml  actino¬ 
mycin  D  was  then  added  to  control  and  to  TPA-treated  cells  for  0-16  h. 
Total  RNA  was  isolated  and  hybridized  sequentially  with  FGF-BP  and 
GAPDH  probes  as  described  in  Fig.  1. 

FGF-BP  promoter  we  found  a  highly  conserved  consensus  bind¬ 
ing  site  for  C/EBP)3,  a  member  of  the  CCAAT/enhancer  binding 
protein  (C/EBP)  family  of  leucine  zipper  transcription  factors 
which  play  a  central  role  in  the  acute  phase  response  and  in  a 
number  of  ceil  differentiation  pathways  (15-17).  An  AP-1  con¬ 
sensus  binding  site  (-65  to  -59)  lies  juxtaposed  to  a  sequence 
with  homology  to  an  Ets  factor  binding  motif  (-76  to  -68), 
suggesting  potential  functional  similarity  to  the  juxtaposed 
Ets/AP-1  site  found  in  the  polyoma  virus  enhancer  and  in  the 


collagenase  promoter  (18,  19).  In  addition,  a  consensus  Spl 
factor  binding  site  (-90  to  -80),  an  additional  Ets  factor  bind¬ 
ing  motif  (-107  to  -100),  and  a  potential  NF-KB-binding  site 
(-185  to  -176)  are  located  in  the  conserved  region  of  the 
promoter  and  may  play  a  role  in  transcriptional  regulation  of 
FGF-BP  as  well. 

Functional  Analysis  of  the  Human  FGF-BP  Promoter — To 
identify  the  functional  promoter  elements  involved  in  FGF-BP 
gene  regulation  by  TPA,  progressive  5'  deletion  mutants  were 
constructed  based  on  the  location  of  consensus  factor  binding 
sites  on  the  promoter.  Deletion  constructs  were  transiently 
transfected  into  ME-180  cells,  and  their  relative  luciferase 
activity  was  assayed  in  the  absence  or  presence  of  TPA  (Fig.  6). 
The  basal  activity  of  each  vector  is  shown  in  the  left  panel  of 
Figs.  6  and  7.  The  empty  PXPl  vector  had  no  detectable  lucif¬ 
erase  activity  either  in  the  absence  or  presence  of  TPA  (data 
not  shown).  However,  we  did  observe  a  background,  approxi¬ 
mately  2-fold,  TPA  induction  of  the  PXPl  vector  when  several 
unrelated  minimal  promoters  (i.e.  thymidine  kinase  minimal 
promoter,  the  CMV  minimal  promoter,  and  the  pro-opiomela- 
nocortin  minimal  promoter)  were  treated  with  TPA  after  trans¬ 
fection  into  ME-180  cells  (Fig.  6,  control  vector).  Background 
induction  by  TPA  of  a  variety  of  vectors  has  been  described 
previously  and  is  presumably  mediated  through  cryptic  sites  in 
the  PXPl  plasmid  (20).  The  TPA  induction  due  to  the  inserted 
FGF-BP  promoter  was  considered  to  be  that  observed  above  the 
background  control  vector  induction.  The  FGF-BP  promoter 
from  -1060  to  +62  was  induced  about  4-fold  above  control 
vector  in  the  presence  of  TPA  and  showed  the  same  TPA 
inducibility  as  the  full-length  1.8-kb  promoter  construct  (data 
not  shown).  Deletion  from  -1060  to  -118,  which  removed  950 
base  pairs  of  promoter  sequence  including  the  potential  NF-kB 
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Fio.  4.  Mapping  of  the  FGF-BP  transcription  start  site.  Primer 
extension  of  the  FGF-BP  transcript.  Upper  panel  shows  location  of 
primers  derived  from  the  coding  region  (FGF-BP  primer  1,  lower  panel, 
lanes  3  and  4)  and  5'-UTR  (FGF-BP  primer  2,  lower  panel,  lanes  5  and 
6)  of  the  human  FGF-BP  cDNA.  Extension  reaction  was  carried  out  in 
the  absence  (lanes  3  and  5)  or  presence  (lanes  4  and  6)  of  mRNA  isolated 
from  ME-180  cells.  A  control  primer  was  used  in  the  absence  (laiie  1)  or 
presence  (lane  2)  of  1.2-kb  kanamycin  control  RNA.  The  transcription 
start  site  derived  from  these  results  is  shown  as  an  asterisk  in  Fig.  5. 


site,  had  no  effect  on  TPA  induction  and  \vas  also  induced  5-fold 
above  background  (Fig.  6).  Similarly,  deletion  from  -118  to 
—93,  which  removed  one  of  the  potential  Ets-binding  sites, 
retained  full  TPA  induction.  Removal  of  the  consensus  Spl 
binding  site  from  —93  to  —77  had  no  effect  on  TPA  induction  of 
the  FGF-BP  promoter.  However,  the  5'  deletion  to  -77  caused 
an  80%  decrease  in  basal  activity  of  the  promoter  (Fig.  6,  left 
panel)  suggesting  that  the  Spl  consensus  site  is  a  predominant 
mediator  of  basal  promoter  activity  of  FGF-BP  but  is  not  re¬ 
quired  for  TPA  induction. 

TPA  induction  was  significantly  reduced  upon  deletion  of  the 
potential  Ets  factor  binding  site  from  -77  to  -67  and  is  re¬ 
duced  even  further  upon  deletion  of  the  AP-1  site  from  -67  to 
“56  (Fig.  6),  indicating  that  each  of  these  sites  contributes  to 
some  degree  in  TPA  induction.  The  basal  activity  of  these 
constructs  was  similar  at  about  10-20%  of  the  -118  construct. 
Finally,  deletion  from  —56  to  —31,  which  removes  sequences 
containing  homology  to  a  C/EBPj8-binding  site,  abolished  any 
remaining  TPA  induction  to  the  background  control  vector 
level.  The  basal  activity  of  this  vector  was  5%  that  of  the 
— 118/+62  vector. 

Contribution  of  Ets,  AP-1,  and  C/EBPfi  Sites  to  TPA  Induc¬ 
tion — In  order  to  better  understand  the  contribution  of  each 
individual  consensus  binding  site  to  TPA  induction,  internal 
promoter  deletions  were  introduced  and  tested  for  TPA  induc- 
ibility  within  the  context  of  the  promoter  from  -118  to  -1-62. 
Deletion  of  the  Ets  site  alone  (  —  76  to  —67)  or  deletion  of  the 
AP-1  site  alone  (-65  to  —58)  reduced  TPA  induction  slightly  to 
the  intact  promoter  (Fig.  7).  Deletion  of  both  Ets  and  AP-1  (-76 
to  —58),  however,  resulted  in  a  significant  decrease  in  both 


basal  activity  and  in  TPA  induction,  indicating  that  both  sites 
act  in  cooperation  for  full  promoter  activity.  However,  loss  of 
the  juxtaposed  Ets/AP-1  site  does  not  completely  abolish  TPA 
induction,  suggesting  that  additional  sites  are  also  involved. 

The  contribution  of  the  C/EBP/3  binding  motif  to  TPA  induc¬ 
tion  of  the  FGF-BP  promoter  was  determined  by  an  internal 
deletion  from  -47  to  -33  (Fig.  7,  AC /EBP/3).  Consistent  with 
the  5'  deletion  construct  which  contained  only  the  C/EBPj3  site 
and  retained  some  TPA  inducibility  (Fig.  6,  -56l-\-62),  an  in¬ 
ternal  deletion  of  this  site  showed  a  significant  decrease  in  TPA 
induction.  Activation  of  C/EBP/3  has  been  shown  to  occur 
through  ras-dependent  phosphorylation  and  is  involved  in 
phorbol  ester  induction  of  genes  such  as  MDRl  (21-23).  Simi¬ 
larly,  C/EBP/3  seems  to  play  a  role  in  TPA  induction  of  the 
FGF-BP  promoter  since  deletion  of  this  site  reduces  the  overall 
induction  by  TPA. 

TPA  Regulation  of  the  FGF-BP  Promoter  Involves  a  Repres¬ 
sor  Element  Juxtaposed  to  the  AP-1  Site — Between  the  AP-1 
site  and  the  C/EBP/3  site  lies  a  region  of  low  homology  between 
the  human  and  mouse  EGF-BP  promoter  sequences.  Because 
this  region  was  not  suspected  to  have  any  effect  on  TPA  induc¬ 
tion,  an  internal  deletion  removing  this  region  (-57  to  -47) 
was  tested  as  a  control.  Surprisingly,  in  the  A57/47  construct, 
TPA  induction  of  the  FGF-BP  promoter  increased  from  approx¬ 
imately  5  to  11-fold,  suggesting  the  presence  of  a  possible 
repressor  which  may  interact  with  this  site.  The  lack  of  se¬ 
quence  conservation  between  the  human  and  mouse  in  this 
region  may  reflect  a  difference  in  the  regulation  of  FGF-BP 
between  the  two  species.  The  —57  to  —47  deletion  disrupts  an 
AACGTG  (—60  to  —55)  which  is  juxtaposed  to  the  3'  end  of  the 
AP-1  site  and  which  shows  some  similarity  to  the  CACGTG  E 
box  element  recognized  by  a  number  of  helix-loop-helix  factors 
(24).  To  test  this  imperfect  E  box  for  repressor  activity,  a  C  to 
T  point  mutation  at  position  —58  was  introduced  into  the 
-118/+62  BP  promoter  construct  (Fig.  7).  This  mutant-58  (m- 
58)  construct  showed  a  dramatic  increase  in  TPA  induction  up 
to  16-fold  above  background.  Moreover,  when  the  —58  point 
mutation  is  introduced  into  the  AC/EBP/3  construct  (Fig.  7, 
AC/EBP/3/m-58),  this  promoter  mutant  also  showed  increased 
fold  induction  by  TPA,  suggesting  that  repression  mediated  by 
this  site  is  not  dependent  on  the  C/EBP/8  site.  These  data  show 
that  the  point  mutation  at  position  -58,  as  well  as  the  internal 
deletion  from  -57  to  -47,  disrupts  repression  of  the  FGF-BP 
promoter  which  normally  limits  the  response  to  TPA. 

Transcription  Factor  Binding  to  FGF-BP  Promoter  Ele¬ 
ments — In  order  to  ascertain  that  TPA  induction  of  FGF-BP 
was  due  to  direct  activation  by  transcription  factors,  we  per¬ 
formed  gel  retardation  analysis  to  show  transcription  factor 
binding  to  FGF-BP  promoter  elements.  By  using  labeled  pro¬ 
moter  sequence  from  -80  to  -63  containing  the  putative  Ets- 
binding  site  as  a  probe  (Fig.  8A),  the  binding  of  three  specific 
protein  complexes  in  the  presence  of  ME-180  nuclear  extracts 
was  detected  (Fig.  8B).  Protein  binding  to  all  three  complexes 
was  increased  in  the  presence  of  TPA  (Fig.  8B,  lane  3)  and  was 
specifically  competed  away  in  the  presence  of  excess  unlabeled 
—  80/— 63  oligonucleotides  (lanes  4  and  5).  Further  competition 
analysis  showed  that  the  factors  binding  to  the  -80/- 63  ele¬ 
ment  were  only  weakly  competed  by  consensus  Ets  elements 
from  the  collagenase  promoter  (25)  and  polyoma  virus  en¬ 
hancer  (26),  requiring  over  100-fold  excess  in  order  to  compete 
for  binding  (data  not  shown).  It  has  previously  been  described 
that  specific  residues  flanking  the  GGA  trinucleotide  motif  of 
the  Ets  site  are  required  for  high  affinity  sequence-specific 
binding  of  individual  Ets  family  members  (27-29).  Therefore, 
our  data  suggest  that  the  -80/— 63  element  on  the  FGF-BP 
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Fig.  5.  Structure  and  homology  of  the  human  FGF-BP  promoter.  Top,  the  structure  of  the  human  FGF-BP  promoter  from  -1829  to  +62 
is  shown  schematically.  Bottom,  nucleotide  homology  between  promoter  sequences  of  human  {top  strand)  and  mouse  {bottom  strand)  FGF-BP. 
Transcription  start  sites  are  indicated  by  an  asterisk.  Vertical  lines  indicate  homologous  nucleotides  between  the  mouse  and  human,  and  dotted 
lines  represent  gaps  in  the  homology.  Consensus  transcription  factor  binding  sites  are  boxed.  Numbers  on  the  top  sti'and  correspond  to  the 
numbering  of  the  human  FGF-BP  promoter  and  show  the  location  of  the  distal  end  points  used  to  create  the  luciferase  promoter  constructs  in  Fig. 
6. 
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Fig  6  Effect  of  progressive  5'  deletions  on  basal  activity  and  TPA  induction  of  FGF-BP  promoter.  The  left  histogram  indicates  the 
impact  of  the  promoter  deletion  on  the  basal  activity  of  each  construct.  The  basal  activity  of  the  -118/+62  construct  was  set  at  100%.  The  control 
vector  shown  is  the  thymidine  kinase  minimal  promoter  in  PXPl.  The  right  histogram  shows  the  transcriptional  activity  in  the  presence  of  TPA 
lO""^  M  for  each  FGF-BP  promoter  deletion  construct  {center).  Each  promoter  construct  was  transiently  transfected  into  ME- 180  cells,  and  luciferase 
activity  is  expressed  as  fold  induction  of  TP  A- treated  over  untreated  for  each  construct.  The  mean  basal  activity  of  the  -118/+62  construct  was 
15,000  light  units  per  pg  of  protein  and  the  mean  TPA-induced  level  was  100,000  light  units//xg  of  protein.  Values  represent  the  mean  ±  S.E.  from 
at  least  three  separate  experiments,  each  done  in  triplicate  wells.  Asterisk  indicates  significant  difference  {p  <  0.05)  from  the  -118/+62  promoter 


construct. 


promoter  could  bind  an  Ets  family  member  other  than  the 
Ets-1  or  Ets-2  proto-oncogenes  (26). 

To  determine  transcription  factor  binding  to  the  C/EBP/3 
site,  gel  shift  analysis  was  carried  out  using  labeled  promoter 
sequence  from  -55  to  -30  (Fig.  8A)  as  a  probe.  In  the  presence 


of  ME-180  extracts,  the  -55/-30  element  bound  one  predom¬ 
inant  complex  (Fig.  8C),  which  demonstrated  increased  binding 
in  the  presence  of  TPA  {lane  3).  The  majority  of  the  complex 
was  competed  away  in  the  presence  of  excess  unlabeled  —55/ 
-30  oligonucleotide  {lanes  4  and  5),  indicating  that  binding 
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Fig.  7.  Effect  of  internal  deletions 
on  basal  activity  and  TPA-induced 
activity  of  the  FGF-BP  promoter.  The 

left  histogram  shows  the  impact  of  each 
mutation  on  basal  activity  of  the  con¬ 
struct  {center).  The  control  vector  shown 
is  the  thymidine  kinase  minimal  pro¬ 
moter  in  PXPl.  The  right  histogram 
shows  the  transcriptional  activity  in  the 
presence  of  TPA  10“^  M  for  each  internal 
deletion  of  FGF-BP  promoter.  Each  pro¬ 
moter  construct  was  transiently  trans¬ 
fected  into  ME- 180  cells,  and  luciferase 
activity  is  expressed  as  fold  induction  of 
TPA-treated  over  untreated  for  each  con¬ 
struct.  Values  represent  the  mean  ±  S.E. 
from  at  least  three  separate  experiments, 
each  done  in  triplicate  wells.  Asterisk  in¬ 
dicates  significant  difference  {p  <  0.05) 
from  the  -118/+62  promoter  construct. 
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\vas  specific.  Competition  by  the  C/EBPj8  site  from  the 
p2]^wA/5’7/c/Pi  promoter  (30)  for  the  specific  complex  was 
effective  only  at  high  molar  excess  (data  not  shown)  indicating 
that  the  FGF-BP  -55/- 30  element  may  bind  a  different 
C/EBPj3-related  factor. 

To  investigate  further  the  transcriptional  activation  of  the 
FGF-BP  promoter  by  AP-1  and  the  involvement  of  the  variant 
E  box  repressor  element,  gel  shift  experiments  were  carried  out 
using  the  labeled  promoter  sequence  spanning  the  juxtaposed 
AP- 1/repressor  element  as  a  probe  (-70/-51,  Fig.  8A).  In  the 
presence  of  ME-180  nuclear  extracts,  the  -70/- 51  element 
bound  an  upper  complex  (Fig.  8D,  arrow)  and  a  lower  doublet 
{bracket).  The  binding  of  all  three  complexes  was  highly  in¬ 
duced  by  TPA  (Fig.  8D,  lane  3)  and  was  effectively  competed  by 
molar  excess  of  the  unlabeled  —70/— 51  oligonucleotide  {lanes  4 
and  5).  To  understand  better  the  specific  composition  of  these 
complexes,  point  mutations  were  introduced  in  either  the  AP-1 
site  (mut  AP-1)  or  the  repressor  site  (mut  —58)  and  tested  for 
their  abilities  to  compete  for  binding.  Competition  with  the 
mutant  AP-1  site  resulted  in  a  decrease  of  only  the  bottom 
doublet  and  no  competition  for  the  upper  band  {lanes  6-8), 
suggesting  that  the  upper  band  corresponds  to  factors  bound 
specifically  to  the  AP-1  site.  Conversely,  when  competition  was 
carried  out  with  the  repressor  mutant  (mut  -58),  binding  of 
the  doublet  on  the  probe  remains  intact,  whereas  binding  to  the 
AP-1  site  is  reduced  {lanes  9-11),  indicating  that  the  lower  two 
bands  represent  distinct  protein  binding  to  the  repressor  ele¬ 
ment.  Furthermore,  when  competition  was  carried  out  with  an 
AP-1  consensus,  which  contains  an  AP-1  site  flanked  by  se¬ 
quences  which  are  not  homologous  to  the  FGF-BP  promoter, 
competition  for  only  the  upper  AP-1  complex  was  observed 
{lanes  12  and  13).  These  results  show  that  the  AP-1  site  and  the 
repressor  site  of  the  FGF-BP  promoter  bind  distinct  and  spe¬ 
cific  transcription  factor  complexes  that  are  induced  in  the 
presence  of  TPA.  Taken  together,  our  data  show  that  sequences 
between  —77  and  —33  of  the  FGF-BP  promoter  form  a  novel 
TPA  regulatory  cassette  consisting  of  interacting  positive  and 
negative  control  elements. 

DISCUSSION 

In  this  report  we  demonstrate  that  TPA  induction  of  FGF-BP 
mRNA  levels  is  primarily  through  stimulation  of  gene  tran¬ 
scription.  This  is  in  contrast  to  the  retinoid  repression  of 
FGF-BP  gene  expression  which  we  have  previously  shown  is 


mediated  through  post-transcriptional  and  transcriptional 
mechanisms  (7).  In  fact,  at  least  at  early  time  points  after 
retinoid  administration,  the  post-  transcriptional  mechanism 
which  is  dependent  on  new  protein  synthesis  predominates 
since  the  half-life  of  the  FGF-BP  mRNA  is  greater  than  16  h  (7). 
Our  studies  show  that  the  TPA  induction  of  FGF-BP  mRNA  is 
rapid,  requiring  no  new  protein  synthesis  and  involves  direct 
activation  by  transcription  factors  whose  site  of  action  is  clus¬ 
tered  in  the  first  118  base  pairs  upstream  of  the  transcription 
start  site.  Within  this  region  the  majority  of  the  TPA  stimula¬ 
tion  of  the  FGF-BP  promoter  can  be  explained  by  the  additive 
effects  of  two  sites  positioned  between  —76  to  —58  and  from 
-47  to  -33. 

The  -76  to  -58  site  harbors  a  perfect  consensus  to  the  AP-1 
transcription  factor  binding  site  NTGAGTCA  (31).  The  AP-1 
transcription  factor  complex  comprises  the  c-fos  and  c~jun 
proto-oncogenes  which  are  known  to  be  activated  as  a  result  of 
TPA  stimulation  of  PKC-dependent  pathways  (32).  However, 
deletion  of  the  AP-1  site  alone  in  the  FGF-BP  promoter  caused 
only  a  slight  reduction  in  TPA  effects  on  the  FGF-BP  promoter. 
This  result  is  consistent  with  the  emerging  picture  that  AP-1 
acts  synergistically  with  other  transcription  factors,  such  as 
the  Ets  family  of  transcription  factors,  to  mediate  gene  expres¬ 
sion  in  response  to  TPA  and  other  stimuli  (28,  29).  In  the 
FGF-BP  promoter  deletion  of  sequences  5'  to  the  AP-1  consen¬ 
sus  significantly  decreases  the  TPA  stimulation  in  comparison 
with  deletion  of  the  AP-1  site  alone.  These  5'  sequences  contain 
the  core  GGA  found  in  the  center  of  the  Ets  family  DNA 
consensus  recognition  site  (29).  Considering  the  body  of  evi¬ 
dence  that  suggests  that  Ets/AP-1  cooperate  for  full  transcrip¬ 
tional  activation,  it  seems  likely  that  this  may  be  the  function 
of  the  -76/™  58  element.  For  instance  similar  cooperation  be¬ 
tween  Ets  and  AP-1  occurs  through  a  juxtaposed  Ets/AP-1- 
binding  site  in  the  polyoma  virus  enhancer  (18)  and  has  sub¬ 
sequently  been  implicated  in  the  regulation  of  genes  involved 
in  invasion  and  metastasis,  including  collagenase  and  uroki¬ 
nase  plasminogen  activator  (19,  33-37).  Although  we  found 
that  the  collagenase  Ets  element  or  the  polyoma  virus  Ets 
element  did  not  effectively  compete  for  binding  to  the  FGF-BP 
Ets  element,  this  may  reflect  the  binding  of  another  Ets  family 
member  to  the  FGF-BP  promoter  whose  recognition  site  could 
be  determined  by  sequences  flanking  the  GGA  core  (27). 

Deletion  of  the  -47  to  -33  FGF-BP  promoter  region  also 
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Fig.  8.  Transcription  factor  binding  to  FGF-BP  promoter  elements.  A,  double-stranded  oligonucleotide  sequences  used  for  gel  shift 
analysis.  Point  mutations  are  underlined.  B,  gel  shift  assay  with  ^^P-labeled  FGF-BP  promoter  sequence  from  -80  to  -63  containing  the  putative 
Ets  site  either  alone  (lane  1)  or  in  the  presence  of  untreated  (lane  2)  or  TPA-treated  (lanes  3-5)  ME-180  nuclear  extracts.  Binding  reactions  were 
incubated  in  the  presence  of  20-fold  (lane  4)  or  50-fold  (lane  5)  molar  excess  of  the  unlabeled  -80/-63  oligonucleotide.  C,  gel  shift  assay  with  labeled 
promoter  sequence  from  -55  to  -30  containing  the  putative  C/EBPjS-binding  site  either  alone  (lane  7)  or  in  the  presence  of  untreated  (lane  2)  or 
TPA-treated  (lanes  3-5)  ME-180  nuclear  extracts.  Competition  for  binding  was  carried  out  with  20-fold  (lane  4)  and  50-fold  (lane  5)  molar  excess 
of  unlabeled  -55/- 30  oligonucleotide.  D,  gel  shift  assay  with  labeled  promoter  sequence  from  -70  to  -51  containing  the  AP-1  and  repressor  sites 
either  alone  (lane  1)  or  in  the  presence  of  untreated  (lane  2)  or  TPA-treated  (lanes  3-13)  ME-180  nuclear  extracts.  Competition  in  the  presence  of 
10-fold  (lanes  6  and  9),  20-fold  (lanes  4,  7,  10,  and  12),  or  50-fold  (lanes  5,  8,  11,  and  13)  molar  excess  of  unlabeled  oligonucleotides  as  indicated. 
Specific  complexes  are  indicated  by  an  arrow  on  the  left  of  each  panel  and  nonspecific  complexes  are  labeled  NS. 


substantially  reduces  the  TPA  effects  on  the  FGF-BP  promoter. 
Sequence  analysis  revealed  that  a  site  homologous  to  the 
C/EBP)3-binding  site  is  centered  in  this  region  of  the  promoter. 
The  factors  binding  to  FGF-BP  C/EBP)3  element,  however,  are 
not  effectively  competed  by  the  C/EBPj3  site  from  the  p21^^^^ 
gene  promoter,  suggesting  that  transcription  of  FGF-BP 
may  be  mediated  by  a  different  C/EBP/3-related  factor.  The 
published  consensus  for  C/EBPjS  is  T(T/G)NNGNAA(T/G)  (38) 
which  is  identical  in  eight  positions  (underlined)  to  the  site 
between  -48  to  -41  differing  only  in  the  most  3 '-nucleotide  of 
the  consensus.  In  addition,  the  involvement  of  C/EBPj3  in  TPA- 
mediated  responses  has  been  shown  previously.  For  instance, 
induction  by  phorbol  esters  has  been  shown  to  cause  increased 
C/EBP)3  synthesis,  phosphorylation,  and  DNA  binding  to  pro¬ 
moters  of  a  number  of  genes  including  MDRl  and  collagenase 
1  (21-23,  39).  Thus,  C/EBP/3  or  a  family  member  is  involved  in 
the  activity  of  the  -47  to  -33  element.  Like  other  leucine 


zipper  family  members,  C/EBPj3  acts  cooperatively  with  other 
transcription  factors  to  modulate  the  level  of  gene  expression  in 
response  to  extracellular  stimuli.  For  example,  C/EBP/3  has 
been  shown  to  associate  with  Fos/Jun  in  vitro  (40)  and  can 
cooperate  in  vivo  to  induce  expression  of  the  TSG-6  gene  in 
response  to  interleukin- 1  and  tumor  necrosis  factor-a  which  is 
mediated  through  distinct  AP-1  and  C/EBP/3-binding  sites  in 
the  TSG-6  promoter  (41).  Similarly,  our  data  show  that  the 
C/EBP/3  consensus  element  is  a  major  mediator  of  TPA-induced 
gene  expression  of  FGF-BP.  However,  because  removal  of  the 
C/EBP/3  site  alone  does  not  completely  abolish  TPA  induction, 
this  suggests  that  like  other  TPA-induced  genes,  the  C/EBP/3 
site  acts  in  cooperation  with  other  promoter  elements. 

A  novel  aspect  of  TPA  regulation  of  the  FGF-BP  promoter  is 
the  role  of  the  region  —57  to  —47  between  the  AP-1  site  and  the 
C/EBP/3  site.  Deletion  of  this  region  substantially  increases  the 
TPA  response,  impl5dng  that  this  region  normally  represses  the 
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extent  of  the  response  to  TPA.  A  point  mutation  in  this  region 
also  abrogates  repression  thus  making  it  unlikely  that  the 
effect  of  the  deletion  is  simply  to  bring  the  AP-1  and  C/EBPj8 
sites  in  closer  proximity  leading  to  their  increased  responsive¬ 
ness  to  TPA.  In  fact,  the  relief  of  repression  obtained  with  the 
-58  point  mutant  is  observed  in  the  presence  of  the  C/EBPj3 
deletion  suggesting  that  the  repression  impacts  on  the  AP-1 
element  rather  than  the  C/EBPjS  site.  An  alternate  possibility 
is  that  the  factor  bound  to  the  -57  to  -47  site  interacts  with 
the  general  transcription  machinery  in  a  manner  similar  to  the 
NC2  repressor  (42).  However,  this  seems  less  likely  because  we 
observe  no  increase  in  basal  activity  of  the  promoter  after 
deletion  or  mutation  of  the  repressor  site  in  comparison  to  the 
-118  construct  (Fig.  7).  The  -57  to  -47  deletion  destroys  an 
AACGTG  (—60  to  —55)  which  is  a  variant  of  the  CACGTG  E 
box  element  recognized  by  a  number  of  helix-loop-helix  factors 
(24).  The  —58  mutant  changes  the  AACGTG  to  AATGTG  and 
would  perturb  the  5'  part  of  the  dimer  recognition  sequence 
(24).  However,  the  wild  type  sequence  alone  does  not  predict 
which  member  of  the  helix-loop-helix  family  would  interact 
with  this  site.  Interestingly,  binding  to  an  AACGTG  recogni¬ 
tion  element  has  been  described  in  vitro  to  a  homodimer  of  the 
aryl  hydrocarbon  receptor  nuclear  translocator  helix -loop-helix 
factor  (43),  and  aryl  hydrocarbon  receptor  nuclear  translocator- 
deficient  embryonic  stem  cells  have  a  defective  angiogenesis 
process  (44).  However,  it  is  unclear  whether  aryl  hydrocarbon 
receptor  nuclear  translocator  homodimers  interact  with  pro¬ 
moters  in  vivo.  Alternatively,  other  helix-loop-helix  factors  are 
known  to  function  as  transcriptional  repressors,  such  as  the 
Mad  family  of  proteins  that  bind  related  E  box  sequences 
during  TPA-induced  macrophage  differentiation  (45,  46)  and 
recruit  the  mSinS-histone  deacetylase  corepressor  complex, 
leading  to  a  more  closed  chromatin  structure  and  transcrip¬ 
tional  repression  (47). 

Through  gel  retardation  analysis,  we  show  distinct  factor 
binding  to  the  AP-1  site  and  to  the  E  box  repressor  site.  Inter¬ 
estingly,  factor  binding  to  both  of  these  sites  is  increased  upon 
stimulation  with  TPA.  TPA-induced  transcription  factor  bind¬ 
ing  to  E  box  elements  has  been  described  for  a  number  of 
different  promoters  including  c-fos  (48-50).  The  observation 
that  TPA  induces  factors  which  both  stimulate  and  limit  induc¬ 
tion  of  FGF-BP  suggests  a  mechanism  by  which  transcription 
of  the  FGF-BP  gene  could  be  tightly  regulated  and  may  reflect 
a  level  of  tissue-specific  expression  of  this  gene. 

Overall,  our  data  suggest  that  the  TPA  induction  of  the 
FGF-BP  promoter  is  induced  through  both  Ets/AP-1  site  and  a 
C/EBP/3  site  and  that  the  extent  of  induction  is  moderated  by 
factors  that  bind  to  an  E  box  repressor  element  which  lies 
adjacent  to  the  AP-1  site.  It  is  known  that  TPA  also  induces  the 
expression  of  genes  involved  in  proteolytic  degradation  of  the 
extracellular  matrix  such  as  stromelysin,  collagenase,  and 
urokinase  plasminogen  activator  (33,  51,  52).  Interestingly, 
these  promoters  are  regulated  by  similar  transcription  factors 
as  those  which  we  show  are  involved  in  FGF-BP  promoter 
induction,  e.g.  Ets/AP-1  and  C/EBP/3.  Thus,  our  data  would 
support  the  argument  that  a  specific  subset  of  transcription 
factors  may  be  induced  (or  derepressed)  to  specifically  stimu¬ 
late  a  panel  of  genes  involved  in  invasion,  angiogenesis,  and 
metastasis  during  skin  tumor  development. 

Acknowledgjuentfi — We  thank  Achim  Aigner  and  Rafael  Cabal-Man- 
zano  for  sharing  unpublished  data  and  all  members  of  the  Riegel  and 
Wellstein  labs  for  lively  discussion. 

REFERENCES 

1.  Wu,  D.,  Kan,  M.,  Sato,  G.  H.,  Okamoto,  T.,  and  Sato,  J.  D.  (1991)  J.  Biol.  Chem. 

266,  16778-16785 


19139  ♦ 

2.  Czubayko,  F.,  Smith,  R.  V.,  Chung,  H.  C.,  and  Wellstein,  A.  (1994)  J.  Biol. 

Chem.  269,  28243-28248 

3.  Kurtz,  A.,  Wang,  H.  L.,  Darwiche,  N.,  Harris,  V.,  and  Wellstein,  A.  (1997) 

Oncogene  14,  2671-2681 

4.  Rak,  J.,  and  Kerbel,  R.  S.  (1997)  Nat.  Med.  3,  1083-1084 

5.  Liaudet-Coopman,  E.  D.  E.,  Schulte,  A.  M.,  Cardillo,  M.,  and  Wellstein,  A. 

(1996)  Biochem.  Biophys.  Res.  Commun.  229,  930-937 

6.  Czubayko,  F.,  Liaudet-Coopman,  E.  D.  E.,  Aigner,  A.,  Tuveson,  A.  T.,  Berchem, 

G.,  and  Wellstein,  A.  (1997)  Nat.  Med.  3,  1137-1140 

7.  Liaudet-Coopman,  E.  D.  E.,  and  Wellstein,  A.  (1996)  J.  Biol.  Chem.  271, 

21303-21308 

8.  Liaudet-Coopman,  E.  D.  E.,  Berchem,  G.  J.,  and  Wellstein,  A.  (1997)  Clin. 

Cancer  Res.  3,  179-184 

9.  Nordeen,  S.  K.  (1988)  BioTechniques  6,  454-456 

10.  Riegel,  A.  T.,  Lu,  Y.,  Remenick,  J.,  Wolford,  R.  G.,  Berard,  D,  S.,  and  Hager, 

G.  L.  (1991)  Mol.  Endocrinol.  5,  1973-1982 

11.  Dignam,  J,  D.,  Lebovitz,  R.  M,,  and  Roeder,  R.  G.  Nucleic  Acids  Res.  11, 

1475-1489 

12.  Rice,  N.  R.,  and  Ernst,  M.  K.  (1993)  EMBO  J.  12,  4685-4695 

13.  Kobayashi,  E.,  Nakano,  H.,  Morimoto,  M.,  and  Tamaoki,  T.  (1989)  Biochem. 

Biophys.  Res.  Commun.  169,  548-553 

14.  Berghard,  A.,  Gradin,  K.,  Pongratz,  I.,  Whitelaw,  M.,  and  Poellinger,  L.  (1993) 

Mol.  Cell.  Biol.  13,  677-689 

15.  Wedel,  A.,  and  Ziegler-Heitbrock,  H.  W.  (1995)  Immunobiology  193,  171-185 

16.  Akira,  S.,  and  Kishimoto,  T.  (1992)  Immunol.  Rev.  127,  25-50 

17.  Cao,  Z.,  Umek,  R.  M.,  and  McKnight,  S.  L.  (1991)  Genes  Dev.  6,  1538-1552 

18.  Wasylyk,  C.,  Flores,  P.,  Gutman,  A.,  and  Wasylyk,  B.  (1989)  EMBO  J.  8, 

3371-3378 

19.  Gutman,  A.,  and  Wasylyk,  B.  (1990)  EMBO  J.  9,  2241-2246 

20.  Kushner,  P.  J.,  Baxter,  J.  D.,  Duncan,  K.  G.,  Lopez,  G.  N.,  Schaufele,  F.,  Uht, 

R.  M.,  Webb,  P.,  and  West,  B.  L.  (1994)  Mol.  Endocrinol.  8,  405-407 

21.  Nakajima,  T.,  Kinoshita,  S.,  Sasagawa,  T.,  Sasaki,  K.,  Naruto,  M.,  Kishimoto, 

T.,  and  Akira,  S.  (1993)  Proc.  Natl.  Acad.  Sci.  U.  S.  A.  90,  2207-2211 

22.  Trautwein,  C.,  van  der  Greer,  P.,  Karin,  M.,  Hunter,  T.,  and  Chojkier,  M. 

(1994)  J.  Clin.  Invest.  93,  2554-2561 

23.  Combates,  N.  J.,  Kwon,  P.  O.,  Rzepka,  R.  W.,  and  Cohen,  D.  (1997)  Cell  Growth 

Differ.  8,  213-219 

24.  Kadesch,  T.  (1993)  Cell  Growth  Differ.  4,  49-55 

25.  Newberry,  E.  P.,  Willis,  D.,  Latifi,  T.,  Boudreaux,  J.  M.,  and  Towler,  D.  A. 

(1997)  Mo;.  Endocrinol.  11,  1129-1144 

26.  Wasylyk,  B.,  Wasylyk,  C.,  Flores,  P.,  Begue,  A.,  Leprince,  D.,  and  Stehelin,  D. 

(1990)  Nature  346,  191-193 

27.  Woods,  D.  B.,  Ghysdael,  J.,  and  Owen,  M.  J.  (1992)  Nucleic  Acids  Res.  20, 

699-704 

28.  Janknecht,  R.,  and  Nordheim,  A.  (1993)  Biochim.  Biophys.  Acta  1155, 346-356 

29.  Wasylyk,  B.,  Hahn,  S.  L.,  and  Giovane,  A.  (1993)  Eur.  J.  Biochem.  211,  7-18 

30.  Chinery,  R.,  Brockman,  J.  A.,  Peeler,  M.  O.,  Shyr,  Y.,  Beauchamp,  R.  D.,  and 

Coffey,  R.  J.  (1997)  Nat.  Med.  3,  1233-1241 

31.  Angel,  P.,  Imagawa,  M.,  Chiu,  R.,  Stein,  B.,  Imbra,  R.  J.,  Rahmsdorf,  H.  J., 

Jonat,  C.,  Herrlich,  P.,  and  Karin,  M.  (1987)  Cell  49,  729-739 

32.  Angel,  P.,  and  Karin,  M.  (1991)  Biochim.  Biophys.  Acta  1072,  129-157 

33.  Rorth,  P.,  Nerlov,  C.,  Blasi,  F.,  and  Johnsen,  M.  (1990)  Nucleic  Acids  Res.  18, 

5009-5017 

34.  Logan,  S.  K.,  Garabedian,  M.  J.,  Campbell,  C.  E.,  and  Werb,  Z.  (1996)  J.  Biol. 

Chem.  271,  774-782 

35.  Zhang,  M.,  Maass,  N.,  Magit,  D.,  and  Sager,  R.  (1997)  Cell  Growth  Differ.  8, 

179-186 

36.  Wang,  C.  Y.,  Bassuk,  A.  G.,  Boise,  L.  H.,  Thompson,  C.  B.,  Bravo,  R.,  and 

Leiden,  J.  M.  (1994)  Mol.  Cell.  Biol.  14,  1153-1159 

37.  Grant,  P.  A.,  Thompson,  C.  B.,  and  Pettersson,  S.  (1995)  EMBO  J.  14, 

4501-4513 

38.  Akira,  S.,  Isshiki,  H.,  Sugita,  T.,  Tanabe,,  Kinoshita,  S.,  Nishio,  Y.,  Nakajima, 

T.,  Hirano,  Y.,  and  Kishimoto,  T.  (1990)  EMBO  J.  9,  1897-1906 

39.  Metz,  R.,  and  Ziff,  E.  (1991)  Genes  Dev.  5,  1754-1766 

40.  Hsu,  W.,  Kerppola,  R.  K.,  Chen,  P.-L.,  Curran,  T.,  and  Chen-Kiang,  S.  (1994) 

Mol.  Cell.  Biol.  14,  268-276 

41.  Klampfer,  L.,  Lee,  T.  H.,  Hsu,  W.,  Vilcek,  J.,  and  Chen-Kiang,  S.  (1994)  Mol. 

Cell.  Biol.  14,  6561-6569 

42.  Goppelt,  A.,  Stelzer,  G.,  Lottspeich,  F.,  and  Meisterernst,  M.  (1996)  EMBO  J. 

15,  3105-3116 

43.  Swanson,  H.  I.,  Chan,  W.  K.,  and  Bradfield,  C.  A.  (1995)  J.  Biol.  Chem.  270, 

26292-26302 

44.  Maltepe,  E.,  Schmidt,  J.  V.,  Baunoch,  D.,  Bradfield,  C.  A.,  and  Simon,  M.  C. 

(1997)  Nature  386,  403-407 

45.  Ayer,  D.  E.,  and  Eisenman,  R.  N.  (1993)  Genes  Dev.  7,  2110-2119 

46.  Hurlin,  P.  J.,  Queva,  C.,  Koskinen,  P.  J.,  Steingrimsson,  E.,  Ayer,  D.  E., 

Copeland,  N.  G.,  Jenkins,  N.  A.,  and  Eisenman,  R.  N.  (1995)  EMBO  J.  14, 
5646-5659 

47.  Laherty,  C.  D.,  Yang,  W.  M.,  Sun,  J.  M.,  Davie,  J.  R.,  Seto,  E.,  and  Eisenman, 

R.  N.  (1997)  Cell  89,  349-356 

48.  Harvat,  B.  L.,  and  Wharton,  W.  (1995)  Cell  Growth  Differ.  6,  955-964 

49.  Jenkins,  T.  D.,  Nakagawa,  H.,  and  Rustgi,  A.  K.  (1997)  J.  Biol.  Chem.  272, 

24433-24442 

50.  Paterson,  J.  M.,  Morrison,  C.  F.,  Dobson,  S.  P.,  McAllister,  J.,  and  Quinn,  J.  P. 

(1995)  iVewrosci.  Lett.  191,  185-188 

51.  Buttice,  G.,  and  Kurkinen,  M.  (1993)  J.  Biol.  Chem.  268,  7196-7204 

52.  Angel,  P.,  Baumann,  I.,  Stein,  B.,  Delius,  H.,  Rahmsdorf,  H.  J.,  and  Herrlich, 

P.  (1987)  Mol.  Cell.  Biol.  7,  2256-2266 


The  Journal  of  Biological  Chemistry 

#©  2000  by  The  American  Society  for  Biochemistry  and  Molecular  Biology,  Inc. 


Vol.  275,  No.  15,  Issue  of  April  14,  pp.  10802-10811,  2000 

Printed  in  U.S.A. 


Induction  of  the  Angiogenic  Modulator  Fibroblast  Growth 
Factor-binding  Protein  by  Epidermal  Growth  Factor  Is  Mediated 
through  Both  MEK/ERK  and  p38  Signal  Transduction  Pathways* 

(Received  for  publication,  September  7,  1999,  and  in  revised  form,  February  6,  2000) 

Violaine  K.  Harris,  Christine  M.  Coticchia,  Benjamin  L.  Kagan,  Shakeel  Ahmad, 

Anton  Wellstein,  and  Anna  Tate  Riegeli 

From  the  Departments  of  Oncology  and  Pharmacology,  Vincent  T.  Lombardi  Cancer  Center,  Georgetown  University, 
Washington,  D.  C.  20007 


Fibroblast  growth  factor-binding  protein  (FGF-BP)  is 
a  secreted  protein  that  binds  and  activates  fibroblast 
growth  factors  (FGF-1  and  FGF-2)  and  induces  angio¬ 
genesis  in  some  human  cancers.  FGF-BP  is  expressed  at 
high  levels  in  squamous  cell  carcinoma  (SCO  cell  lines 
and  tumor  samples  and  has  been  shown  to  be  rate-lim¬ 
iting  for  the  growth  of  SCC  tumors  in  vivo.  In  this  study, 
we  examine  the  regulation  of  FGF-BP  by  epidermal 
growth  factor  (EGF)  and  the  signal  transduction  mech¬ 
anisms  that  mediate  this  effect.  We  found  that  EGF 
treatment  of  the  ME-180  SCC  cell  line  caused  a  rapid 
induction  of  FGF-BP  gene  expression.  This  induction 
was  mediated  transcriptionally  through  the  AP-1  (c-Fos/ 
JunD)  and  CCAAT/enhancer-binding  protein  elements 
as  well  as  through  an  E-box  repressor  site  in  the  proxi¬ 
mal  regulatory  region  of  the  FGF-BP  promoter.  Pharma¬ 
cological  inhibition  of  protein  kinase  C  and  mitogen- 
activated  protein  kinase/extracellular  signal-regulated 
kinase  kinase  1/2  (MEKl/2)  completely  blocked  EGF  in¬ 
duction  of  FGF-BP  mRNA,  whereas  inhibition  of  phos- 
phatidylinositol  3-kinase  had  no  effect.  Additionally, 
both  EGF-  and  anisomycin-induced  FGF-BP  mRNA  was 
abrogated  by  inhibition  of  p38  mitogen-activated  pro¬ 
tein  kinase,  demonstrating  a  role  for  p38  in  the  regula¬ 
tion  of  FGF-BP.  Co-transfection  of  the  FGF-BP  promoter 
with  dominant  negative  forms  of  MEK2,  extracellular 
signal-regulated  kinase  2,  and  p38  significantly  de¬ 
creased  the  level  of  EGF  induction,  whereas  expression 
of  a  dominant  negative  c-Jun  N-terminal  kinase  mutant 
or  expression  of  c- Jun  N-terminal  kinase  inhibitory  pro¬ 
tein  had  no  effect.  Similarly,  activation  of  the  p38  path¬ 
way  by  overexpression  of  wild-type  p38  or  MKK6  en¬ 
hanced  FGF-BP  transcription.  These  results 
demonstrate  that  EGF  induction  of  pGp.Bp  occurs  se¬ 
lectively  through  dual  activation  of  the  stress-activated 
p38  and  the  MEK/extracellular  signal-regulated  kinase 
mitogen-activated  protein  kinase  pathways,  which  ulti¬ 
mately  leads  to  activation  of  the  promoter  through  AP-1 
and  CCAAT/enhancer-binding  protein  sites. 


A  pivotal  process  in  a  healing  wound  as  well  as  in  a  growing 


*  This  work  was  supported  by  a  Susan  Komen  Foundation  award  (to 
V.  K.  H.);  NCI,  National  Institutes  of  Health,  Grant  CA71508  (to 
A.  W.);  and  American  Cancer  Society  Grant  CB202  (to  A.  W.).  The  costs 
of  publication  of  this  article  were  defrayed  in  part  by  the  payment  of 
page  charges.  This  article  must  therefore  be  hereby  marked  ''advertise¬ 
ment  in  accordance  with  18  U.S.C.  Section  1734  solely  to  indicate  this 
fact. 

t  To  whom  correspondence  should  be  addressed:  The  Research  Build¬ 
ing,  Rm.  E307,  Georgetown  University,  3970  Reservoir  Rd.,  N.W., 
Washington,  D.C.  20007.  Tel.:  202-687-1479;  Fax:  202-687-4821;  E- 
m  ail :  ariegeO  l@gunet .  ge  or ge town .  e  du . 


tumor  is  the  development  of  new  blood  vessels,  or  angiogenesis. 
Some  of  the  most  potent  angiogenic  stimulators  are  the  fibro¬ 
blast  growth  factors,  including  the  classical  angiogenic  activa¬ 
tors  of  this  family,  FGF-1^  and  FGF-2  (1).  High  concentrations 
of  biologically  active  FGF-1  and  FGF-2  are  found  in  extracts  of 
normal  human  tissues  that  are  not  necessarily  undergoing 
active  new  blood  vessel  growth  (1).  This  is  due  to  the  storage  of 
FGF-1  and  FGF-2  in  the  extracellular  matrix,  where  they  are 
found  tightly  bound  to  membrane-attached  heparan  sulfate 
proteoglycans  (2),  which  quenches  their  biological  activity.  One 
mechanism  by  which  FGF-1  and  FGF-2  are  released  from  the 
extracellular  matrix  is  through  the  secretion  of  the  carrier 
protein  FGF-BP  that  binds  to  FGF-1  and  FGF-2  in  a  noncova- 
lent  and  reversible  manner  (3).  FGF-BP  is  actively  secreted 
from  cells  and,  once  bound,  prevents  degradation  of  FGF-1  and 
FGF-2  (3,  4).  The  importance  of  FGF-BP  secretion  in  promoting 
tumor  growth  was  shown  in  studies  using  the  nontumorigenic 
adrenal  carcinoma  cell  line  SW-13,  which  has  high  expression 
of  FGF-2  but  is  negative  for  FGF-BP.  Stable  overexpression  of 
FGF-BP  in  SW-13  cells  led  to  a  dramatic  increase  in  FGF-2- 
dependent  colony  formation  and  formation  of  highly  vascular¬ 
ized  tumors  in  nude  mice  (4).  Additional  studies  were  carried 
out  to  characterize  the  biological  role  of  FGF-BP  in  highly 
tumorigenic  cell  lines  such  as  ME-180  (human  cervical  squa¬ 
mous  cell  carcinoma)  and  LS174T  (colon  adenocarcinoma), 
which  express  high  levels  of  endogenous  FGF-BP  (4,  5).  Reduc¬ 
tion  of  FGF-BP  mRNA  levels  in  these  cell  lines  using  ribozyme 
targeting  significantly  inhibited  tumor  development  and  angio¬ 
genesis  (6).  These  studies  demonstrated  that  FGF-BP  serves  as 
a  rate-limiting  angiogenic  modulator  for  some  tumor  types  (6, 
7). 

FGF-BP  is  highly  expressed  in  squamous  cell  carcinoma 
(SCC)  cell  lines  from  lung,  bladder,  skin,  and  cervix  and  is 
positive  in  primary  SCC  tumor  samples  (4).  Furthermore,  its 
expression  has  been  shown  to  be  up-regulated  during  mouse 
embryonic  development  of  the  skin,  lung,  and  intestine  and  is 
low  in  most  adult  tissues  (8).  A  potential  role  for  FGF-BP 
during  skin  carcinogenesis  was  described  in  studies  showing 
dramatic  FGF-BP  up-regulation  in  human^  and  mouse  skin 


^  The  abbreviations  used  are:  FGF,  fibroblast  growth  factor;  FGF-BP, 
fibroblast  growth  factor-binding  protein;  SCC,  squamous  cell  carci¬ 
noma;  DMBA,  7, 12-dimethylbenz [a] anthracene;  TPA,  12-0-tetradeca- 
noylphorbol- 13-acetate;  C/EBP,  CCAAT/enhancer-binding  protein; 
EGF,  epidermal  growth  factor;  EGFR,  EGF  receptor;  ERK,  extracellu¬ 
lar  signal  regulated  kinase;  MEK,  mitogen- activated  protein  kinase/ 
extracellular  signal-regulated  kinase  kinase;  PKC,  protein  kinase  C;  PI, 
phosphatidylinositol;  JNK,  c-Jun  N-terminal  kinase;  GAPDH,  glyceral- 
dehyde-3-phosphate  dehydrogenase;  MAP,  mitogen-activated  protein; 
IMEM,  improved  minimum  essential  medium;  JIP,  JNK-inhibitory  pro¬ 
tein;  MAP,  mitogen-activated  protein. 

^  A.  Aigner  and  A.  Wellstein,  manuscript  in  preparation. 
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treated  topically  with  DMBA  and  TPA  (8).  These  observations 
suggested  several  mechanisms  that  might  be  involved  in  the 
direct  regulation  of  the  FGF-BP  gene.  First,  DMBA  treatment 
has  been  shown  to  cause  a  specific  point  mutation  in  the  ras 
oncogene  (9),  suggesting  that  the  Ras  signal  transduction  path¬ 
way  might  regulate  FGF-BP  expression.  This  is  also  indicated 
by  the  observation  that  FGF-BP  is  induced  in  ras-transformed 
keratinocytes  (8).  Second,  the  role  of  TPA  as  a  direct  regulator 
of  FGF-BP  gene  expression  was  confirmed  upon  TPA  treatment 
of  several  SCO  cell  lines,  including  ME-180,  which  caused  rapid 
transcriptional  induction  of  the  FGF-BP  gene  (10).  We  further 
identified  that  Spl,  AP-1,  and  C/EBP  sites  within  the  proximal 
FGF-BP  promoter  are  all  required  for  TPA  regulation  of 
FGF-BP  (10). 

see  cell  lines  and  tumors,  including  the  ME-180  cell  line, 
typically  express  high  levels  of  EGF  receptors  (EGFRs)  (11, 12), 
and  overexpression  of  EGFR  in  SGG  has  been  shown  to  confer 
greater  tumorigenicity  (13),  which  led  us  to  investigate  the 
possible  role  and  mechanisms  of  EGF  regulation  of  FGF-BP. 
EGF  signaling  occurs  predominantly  through  binding  to  its 
receptor  EGFR  (HERl)  and  its  dimerization  partner  ErbB2 
(HER2/Neu).  Autophosphorylation  of  activated  EGF  receptors 
stimulates  a  number  of  signal  transduction  pathways,  includ¬ 
ing  the  classical  Ras/Raf/MAP  kinase  kinase  (MEK)/MAP  ki¬ 
nase  (ERK)  pathway,  which  is  known  to  phosphorylate  and 
activate  AP-1  (14).  MEK/ERK  activation  occurs  either  through 
phosphorylated  EGFR  recruitment  of  the  Shc-Grb2-SOS  com¬ 
plex  and  subsequent  Ras  activation  or  through  recruitment  of 
phospholipase  Cy  and  subsequent  PKC  activation.  PKC  can  in 
turn  modulate  Raf  through  both  Ras-dependent  and  -independ¬ 
ent  mechanisms  (15,  16).  Other  signaling  pathways  induced  by 
EGF  include  the  stress-activated  protein  kinases  such  as  JNK 
and  p38  (17),  the  PI  3-kinase  pathway  (18),  and  the  Janus 
kinase/signal  transducers  and  activators  of  transcription  path¬ 
way  (19). 

Here  we  show  a  possible  link  between  EGF  signaling  and 
angiogenic  activation  through  the  regulation  of  the  FGF-BP 
gene  in  SCC.  We  found  that  EGF  treatment  induces  rapid 
up-regulation  of  FGF-BP  transcription  occurring  through  the 
AP-1  and  C/EBP  sites  in  the  FGF-BP  promoter.  Furthermore, 
inhibition  of  either  the  MEK/ERK  pathway  or  the  p38  pathway 
abrogates  induction  by  EGF,  implicating  dual  activation  of 
these  MAP  kinases  as  an  important  step  in  FGF-BP  regulation. 

EXPERIMENTAL  PROCEDURES 

Cell  Culture  and  Reagents— The  ME-180  cervical  squamous  cell  car¬ 
cinoma  cell  line  was  obtained  from  American  Type  Culture  Collection 
(ATCC;  Manassas,  VA).  Cells  were  cultured  in  improved  minimum 
essential  medium  (IMEM)  (Biofluids  Inc.,  Rockville,  MD)  with  10%  fetal 
bovine  serum  (Life  Technologies,  Inc.).  Actinomycin  D,  calphostin  C, 
and  wortmannin  were  purchased  from  Sigma.  Anisomycin  and  t3rrphos- 
tin  AG1478  were  from  Alexis  Corp.  SB203580,  SB202190,  and 
SB202474  were  from  Calbiochem,  and  U0126  was  purchased  from  RBI 
(Natick,  MA).  All  compounds  were  dissolved  in  Me2S0. 

Noi'thern  Analysis — ME-180  cells  were  grown  to  80%  confluence  in 
10-cm  dishes,  washed  twice  in  serum-free  IMEM,  and  incubated  for 
16  h  in  serum-free  IMEM  prior  to  treatment.  Cells  were  pretreated  for 
1  h  with  the  indicated  drug  or  with  vehicle  alone  (Me-^SO;  final  concen¬ 
tration  0.1%).  EGF  or  anisomycin  treatment  was  for  6  h  unless  other¬ 
wise  indicated.  Total  RNA  was  isolated  with  RNA  STAT-GO"^^^  (Tel-Test 
Inc.),  and  Northern  analysis  was  carried  out  as  described  previously 
(10).  Hybridization  probes  were  prepared  by  random-primed  DNA  la¬ 
beling  (Amersham  Pharmacia  Biotech)  of  purified  insert  fragments 
from  human  FGF-BP  (4)  and  human  GAPDH  (CLONTECH).  Quanti¬ 
tation  of  mRNA  levels  was  performed  using  a  Phosphorlmager  (Molec¬ 
ular  Dynamics,  Inc.). 

P/asmfc/.-?— Human  FGF-BP  promoter  fragments  were  cloned  into 
the  pXPl  promoterless  luciferase  reporter  vector  and  have  been  de¬ 
scribed  previously  (10).  The  mutant  AP-1  FGF-BP  promoter  construct 
was  generated  by  PCR  as  described  previously  (10),  introducing  point 
mutations  that  convert  the  AP-1  site  from  GTGAGTAA  (-66  to  -59)  to 
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TGGAGCAA.  The  MEK2  (KIOIA)  dominant  negative  was  provided  by 
Dr.  J.  Holt  (Vanderbilt  University)  (20).  The  dominant  negative  of 
ERK2  (K52R)  and  the  empty  vector  pCEP4  were  provided  by  Dr.  M. 
Cobb  (University  of  Texas  Southwestern)  (21).  The  expression  plasmids 
containing  dominant  negative  JNKl  (APF),  dominant  negative  pSSo: 
(AGF),  wild-type  JNK  (pCDNA3-Flag-JNKl),  wild-t3rpe  p38 
(pCDNA3-Flag-p38),  JIP  (pCDNA3-Flag-JIPl),  and  constitutively  ac¬ 
tive  MKK6  (pCDNA3-Flag-MKK6(Glu))  were  provided  by  Dr.  R.  Davis 
(University  of  Massachusetts)  (22-25).  All  effects  of  dominant  negatives 
were  compared  with  their  empty  vector  control  or  with  the  empty  vector 
pCDNA3  (Invitrogen). 

Transient  Transfections  and  Reporter  Gene  Assays — 24  h  before 
transfection,  ME-180  cells  were  plated  in  six-well  plates  at  a  density  of 
750,000  cells/well.  pRL-CMV  Renilla  luciferase  reporter  vector  (Pro- 
mega)  was  included  as  a  control  for  transfection  efficiency.  For  each 
transfection,  1.0  jag  of  FGF-BP  promoter-luciferase  construct,  0.1  ng  of 
pRL-CMV  (transfection  efficiency  control),  and  8  pi  of  LipofectAMINE 
(Life  Technologies,  Inc.)  were  combined  and  added  to  cells  for  3  h  in 
serum-free  conditions  as  described  previously  (10).  For  co-transfections, 
1.0  juLg  of  -118/+62LUC  FGF-BP  promoter  construct,  500  ng  of  expres¬ 
sion  vector,  0.1  ng  of  pRL-CMV,  and  8  jal  of  LipofectAMINE  were  added 
to  cells.  Transfected  cells  were  treated  for  18  h  with  EGF  (5  ng/ml)  in 
serum-free  IMEM  before  cell  lysis  in  150  p\  of  passive  lysis  buffer 
(Promega).  20  jal  of  extract  was  assayed  for  both  firefly  and  Renilla 
luciferase  activity  using  the  Dual-Luciferase™  reporter  assay  system 
(Promega).  Due  to  a  small  background  induction  (1.5-2  fold)  of  the 
pRL-CMV  plasmid  by  EGF,  all  luciferase  values  were  normalized  for 
protein  content.  There  were  no  significant  differences,  however,  in  the 
transfection  efficiencies  between  plasmid  constructs  in  untreated  con¬ 
trols  as  determined  by  Renilla  luciferase  assay.  Protein  content  of  cell 
extracts  was  determined  by  Bradford  assay  (Bio-Rad). 

Gel  Shift  Assays— ME-180  cells  were  grown  to  80%  confluency  on 
150-mm  dishes,  serum-starved  in  IMEM  for  16  h,  and  treated  with  or 
without  5  ng/ml  EGF  for  1  h.  Nuclear  extracts  were  prepared  as  de¬ 
scribed  previously  (10).  Binding  reactions  with  -70/-51  and  -80/-63 
probes  were  carried  out  as  described  previously  (10)  with  5  or  1  p.g, 
respectively,  of  ME-180  nuclear  extracts,  binding  buffer  (20  mM  Tris, 
pH  7.5,  60  mM  KCl,  5%  glycerol,  0.5  mM  dithiothreitol,  2.0  mM  EDTA), 
and  250  ng  of  poly(dl-dC).  Binding  reaction  with  -55/- 30  probe  was 
carried  out  with  5  pg  of  ME-180  nuclear  extracts  and  500  ng  of  poly(dI- 
dC).  Supershift  antibodies  (2  pg)  were  added  to  the  binding  reaction  for 
10  min  on  ice  before  adding  20  fmol  of  labeled  probe.  Reactions  were 
carried  out  45  min  on  ice  and  analyzed  by  6%  polyacrylamide  gel 
electrophoresis.  Supershift  antibodies  purchased  from  Santa  Cruz  Bio¬ 
technology,  Inc.  (Santa  Cruz,  CA)  were  the  following:  Fos-specific  anti¬ 
bodies  c-Fos  (K-25),  c-Fos  (4),  Fos  B  (102),  Fra-1  (R-20),  and  Fra-2 
(Q-20);  Jun-specific  antibodies  c-Jun/AP-1  (D),  c-Jun/AP-1  (N),  JunB 
(N-17),  and  JunD  (329);  Spl-specific  antibody  Spl  (PEP  2);  and  C/EBP- 
specific  antibodies  C/EBP  a  (14AA),  C/EBP/3  (C-19),  C/EBP^  (A198), 
C/EBPy  (C-20),  C/EBP5  (M-17),  and  C/EBPe  (C-22).  For  oligonucleotide 
competition,  a  50-fold  molar  excess  of  unlabeled  double- stranded  com¬ 
petitor  was  added  to  the  binding  reaction  and  incubated  for  10  min  on 
ice  before  the  addition  of  the  labeled  probe.  Sequence  of  the  C/EBP 
consensus  fragment  was  5'-TGCAGATTGCGCAATCTGCA-3'  (Santa 
Cruz  Biotechnology). 

Immunocomplex  Akt  Kinase  Assay — ME-180  cells  were  grown  in 
150-mm  dishes  and  pretreated  as  described  above  for  Northern  analy¬ 
sis.  Cells  were  treated  with  EGF  (5  ng/ml)  for  5  min.  Cell  lysates  were 
prepared  by  scraping  the  cells  into  immunoprecipitation  buffer  (50  mM 
Tris-HCl,  pH  8,  150  mM  NaCl,  0.5%  deoxycholic  acid,  1%  Nonidet  P-40, 
10%  glycerol,  1  mM  sodium  orthovanadate,  1  jaM  okadaic  acid,  50  mM 
sodium  fluoride,  2  jag/ml  aprotinin,  1  pg/ml  pepstatin  A)  and  incubating 
for  15  min  at  4  °C  in  a  rotating  rack.  The  lysates  were  cleared  by 
centrifugation,  and  protein  content  was  measured  with  the  Bio-Rad 
protein  assay  kit.  Lysates  were  precleared  with  protein  G-Sepharose 
and  incubated  for  4  h  at  4  ®C  with  3  pg  of  sheep  anti-Aktl  antibody 
(Upstate  Biotechnology,  Inc.,  Lake  Placid,  NY).  Immunocomplexes  were 
captured  with  protein  G-Sepharose  at  4  ‘’C  for  1  h.  The  beads  were  then 
washed  with  50  mM  Tris-HCl,  pH  7.5,  10  mM  MgClg,  1  mM  dithiothre¬ 
itol.  The  Akt  kinase  assay  was  carried  out  as  described  previously  (26), 
using  the  K9  peptide  as  a  substrate. 

RESULTS 

EGF  Treatment  Increases  FGF-BP  mRNA  in  SCC  Cells — We 
have  shown  previously  that  phorbol  ester  (TPA)  treatment  of 
the  human  cervical  SCC  cell  line  ME-180  results  in  a  time-  and 
dose-dependent  increase  of  FGF-BP  mRNA,  which  is  mediated 
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Fig.  1.  Induction  of  FGF-BP  mRNA  by  EGF  in  ME- 180  cells. 

Shown  is  Northern  analysis  of  FGF-BP  mRNA  levels  in  ME-180  cells 
that  were  either  untreated  or  treated  with  5  ng/ml  EGF  for  the  indi¬ 
cated  amounts  of  time.  Northern  blot  signal  intensities  of  FGF-BP 
mRNA  were  quantitated  by  Phosphorlmager  and  normalized  to 
GAPDH.  Open  circles  represent  control  (untreated)  levels,  and  closed 
circles  represent  EGF  treatment.  Values  represent  the  mean  and  S.D. 
of  at  least  two  separate  experiments. 

via  the  PKC  signal  transduction  pathway  (10).  Similarly,  treat¬ 
ment  of  ME-180  cells  with  EGF  resulted  in  a  rapid  increase  in 
the  steady-state  levels  of  FGF-BP  mRNA  with  no  effect  on 
GAPDH  mRNA  levels  (Fig.  1).  FGF-BP  mRNA  induction  was 
detectable  after  1  h  of  treatment  and  was  maximal  after  6  h 
with  an  average  increase  of  4.5-fold.  The  rapid  and  transient 
nature  of  EGF  induction  of  FGF-BP  mRNA  is  identical  to  that 
seen  after  TPA  treatment  (10),  suggesting  that  these  agents 
might  induce  FGF-BP  through  a  similar  transcriptional 
mechanism. 

To  determine  whether  FGF-BP  is  up-regulated  by  EGF  at 
the  transcriptional  level,  we  tested  the  effect  of  the  transcrip¬ 
tion  inhibitor  actinomycin  D  on  the  EGF  induction  of  FGF-BP 
mRNA.  Pretreatment  with  actinomycin  D  completely  blocked 
the  induction  of  FGF-BP  by  EGF  (see  Fig.  4).  Combined  treat¬ 
ment  with  EGF  and  cycloheximide  had  no  effect  on  induction  of 
FGF-BP  mRNA  (data  not  shown),  indicating  that  de  novo  pro¬ 
tein  synthesis  is  not  required  for  the  EGF  response.  Further¬ 
more,  transient  transfection  of  the  full-length  FGF-BP  pro¬ 
moter  from  -1060  to  +62  into  ME-180  cells  resulted  in  a 
4.5-fold  increase  in  luciferase  activity  upon  EGF  treatment 
(Fig.  2).  These  data  demonstrate  that  EGF,  like  TPA,  can 
directly  increase  the  rate  of  FGF-BP  gene  transcription. 

Identification  of  EGF  Response  Elements  within  the  FGF~BP 
Promoter — Functional  analysis  of  the  FGF-BP  promoter  has 
shown  that  TPA-induced  transcription  involves  a  combination 
of  both  positive  and  negative  regulatory  elements  located 
within  the  first  118  base  pairs  of  the  proximal  promoter  (10). 
Full  TPA  induction  was  mediated  by  a  C/EBP  consensus  site 
between  -48  and  -40,  as  well  as  through  a  juxtaposed  Spl/ 
AP-1  element  between  -76  and  -59.  The  Spl(b)  site  between 
-76  and  -68  was  described  previously  as  an  Ets  element  based 
on  its  homology  to  other  Ets  consensus  binding  sites  (10). 
However,  we  have  now  determined  through  supershift  analysis 
that  this  site  is  bound  by  the  Spl  transcription  factor  (Fig.  3D). 
To  investigate  whether  these  same  regulatory  elements  play  a 
role  in  EGF  induction  of  the  FGF-BP  promoter,  we  transiently 
transfected  a  series  of  mutated  promoter  constructs  into  ME- 
180  cells  and  tested  their  ability  to  be  induced  after  treatment 
with  EGF.  Deletion  of  promoter  sequences  from  - 1060  to  -118 
had  no  effect  on  the  level  of  promoter  activity  and  resulted  in  a 
similar  5-fold  EGF  induction  (Fig.  2),  demonstrating  that  the 


EGF  regulatory  region  of  the  promoter  is  located  within  the 
first  118  base  pairs  of  the  promoter.  Although  the  upstream 
Spl  site  (Spl(a))  drives  a  significant  portion  of  basal  promoter 
activity  (10),  deletion  of  this  site  had  no  effect  on  EGF  induction 
(data  not  shown).  Deletion  of  the  Spl(b)  site  within  the  context 
of  the  -118/+62  promoter  fragment  also  had  no  effect  on  EGF 
induction  (Fig.  2).  Basal  activity  of  the  promoter,  however,  did 
drop  significantly  in  the  absence  of  the  Spl(b)  element  (Fig.  2 
and  Ref.  10).  In  contrast,  mutation  of  the  AP-1  site  resulted  in 
a  significant  40%  decrease  in  EGF  induction  as  compared  with 
the  wild-type  -118/+62  promoter.  Similarly,  complete  deletion 
of  the  juxtaposed  Spl(b)/AP-l  site  resulted  in  a  46%  decrease  in 
EGF  response.  Mutation  of  the  AP-1  site  had  no  effect  on  basal 
promoter  activity,  demonstrating  that  changes  in  EGF  respon¬ 
siveness  can  occur  independently  of  changes  in  the  basal  rate  of 
transcription.  These  results  show  that  unlike  TPA  induction, 
which  requires  the  entire  Spl(b)/AP-l  element,  EGF  induction 
is  driven  mainly  through  the  AP-1  site  in  the  promoter,  reflect¬ 
ing  possible  differences  in  the  mechanisms  by  which  each  of 
these  agents  regulate  the  transcription  of  FGF-BP. 

To  test  the  contribution  of  the  C/EBP  element  to  EGF  induc¬ 
tion,  we  introduced  an  internal  deletion  of  this  site  within  the 
context  of  the  — 118/+62  promoter.  Removal  of  the  C/EBP  site 
significantly  reduced  the  EGF  effect  by  46%  but  had  no  influ¬ 
ence  on  basal  promoter  activity  (Fig.  2).  Together,  these  data 
demonstrate  the  requirement  for  an  intact  C/EBP  site  and 
AP-1  site  in  the  EGF  induction  of  the  FGF-BP  promoter. 

In  addition  to  these  positive  regulatory  elements,  we  recently 
showed  that  TPA  regulation  of  the  FGF-BP  promoter  involves 
a  negative  regulatory  element,  lying  just  downstream  of  the 
AP-1  site,  which  shows  similarity  to  an  E-box  factor  binding 
site  (10).  We  wanted  to  determine  whether  this  E-box  repressor 
site  also  played  a  role  in  the  regulation  by  EGF.  Point  mutation 
of  this  site  at  position  -58,  or  deletion  of  this  site  from  -57  to 
—47  resulted  in  a  dramatic  increase  in  EGF  induction  of  the 
promoter  from  about  5-fold  in  the  wild-type  promoter  to  about 
8-10-fold  in  the  repressor  mutants  (Fig.  2),  indicating  loss  of 
repressor  activity.  Therefore,  the  repressor  element  between 
-58  and  -47  also  plays  a  regulatory  role  in  EGF  induction  by 
limiting  the  transcriptional  response  to  growth  factor 
stimulation. 

AP-1,  C/EBP,  and  Spl  Binding  to  the  FGF-BP  Promoter— 
Because  the  AP-1  site  in  the  FGF-BP  promoter  appears  to  be 
important  during  TPA  and  growth  factor  regulation  of  FGF- 
BP,  we  determined  which  members  of  the  Fos  and  Jun  family 
might  be  binding  to  the  FGF-BP  AP-1  site.  To  identify  tran¬ 
scription  factor  binding  to  the  AP-1  site,  we  carried  out  gel  shift 
analysis  using  labeled  promoter  sequence  fragment  from  -70 
to  -51  (Fig.  3A),  which  was  incubated  in  the  presence  of  nu¬ 
clear  extracts  from  control  or  EGF-treated  ME-180  cells.  Pro¬ 
tein  binding  in  the  uppermost  complex,  which  has  previously 
been  shown  to  represent  AP-1  (10),  is  highly  induced  by  EGF 
treatment  (Fig.  3R,  lanes  1  and  2).  To  determine  the  composi¬ 
tion  of  the  AP-1  complex,  we  used  Fos  and  Jun-specific  anti¬ 
bodies  for  supershift  analysis.  As  shown  in  Fig.  3R,  the  addition 
of  a  Fos  antibody  that  recognizes  all  Fos  family  members  (lane 
3)  or  that  specifically  recognizes  c-Fos  (lane  4)  resulted  in  a 
supershifted  complex.  Antibodies  against  FosB,  Fra-1,  or  Fra-2 
had  no  effect.  Furthermore,  incubation  with  a  general  Jun 
family  antibody  (Fig.  3B,  lane  8)  or  with  a  JunD-specific  anti¬ 
body  (lane  11)  either  blocked  or  supershifted  the  AP-1  complex, 
respectively.  The  c-Jun-  or  JunB-specific  antibodies  had  no 
effect  on  AP-1  binding.  These  results  demonstrate  that  c-Fos 
and  JunD  are  the  major  components  of  AP-1  binding  to  the 
FGF-BP  promoter. 

The  binding  of  C/EBP  to  the  FGF-BP  promoter  was  investi- 
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Fig.  2.  Effect  of  FGF-BP  promoter  mutations  on  the  transcriptional  induction  by  EGF.  The  histogram  on  the  left  shows  the  impact  of 
each  promoter  deletion  on  the  basal  (uninduced)  luciferase  activity  of  each  construct.  The  basal  activity  of  the  — 118/+62  construct  was  set  at  100%. 
The  right  histogram  shows  the  transcriptional  activity  in  the  presence  of  EGF  and  is  expressed  as  -fold  induction  of  EGF-treated  over  untreated 
for  each  construct.  ME -180  cells  were  transiently  transfected  with  the  indicated  FGF-BP  promoter  luciferase  constructs  and  were  either  untreated 
or  treated  with  5  ng/ml  of  EGF  for  18  h.  Promoter  constructs  are  described  under  “Experimental  Procedures”  and  in  Ref.  10.  Values  represent  the 
mean  and  S.E.  from  at  least  three  separate  experiments,  each  done  in  triplicate  wells.  Statistically  significant  differences  relative  to  the  -118/+62 
promoter  construct  are  indicated  p  <  0.05;  p  <  0.01,  t  test). 


gated  using  a  promoter  fragment  spanning  the  C/EBP  site  from 
~55  to  -30  (Fig.  3A).  Gel  shift  analysis  with  this  fragment  in 
the  presence  of  nuclear  extracts  from  untreated  or  EGF-treated 
ME- 180  cells  showed  no  significant  change  in  the  binding  of 
C/EBP  (Fig.  3C,  lanes  1  and  2).  This  finding  is  consistent  with 
previously  published  observations  that  PKC  activation  phos- 
phorylates  and  enhances  C/EBP  transcriptional  activity  with 
no  effect  on  DNA-binding  activity  (27).  The  specificity  of  C/EBP 
binding  in  the  upper  complex  of  the  gel  shift  (Fig.  3C,  arrow)  is 
demonstrated  through  competition  with  a  molar  excess  of  un¬ 
labeled  —55/— 30  fragment  {lane  9)  as  well  as  with  a  C/EBP 
consensus  element  {lane  10).  Incubation  with  an  antibody 
against  C/EBP/3  that  also  cross-reacts  with  other  members  of 
the  C/EBP  family  resulted  in  one  prominently  supershifted 
band  (Fig.  3C,  lane  3).  In  addition,  antibodies  specific  for 
C/EBP/3  {lane  4)  and  C/EBP8  {lane  7)  also  supershifted  the 
complex,  whereas  antibodies  for  C/EBPa  {lane  5),  C/EBP 7  {lane 
6),  and  C/EBPe  {lane  8)  had  little  effect  on  C/EBP  binding. 
Because  the  C/EBP  site  is  required  for  full  EGF  induction  of  the 
FGF-BP  promoter  (Fig.  2),  these  results  suggest  that  C/EBP/3 
and  -S  are  involved  in  mediating  the  EGF  effect.  The  mecha¬ 
nism  by  which  these  factors  are  activated  in  response  to  EGF, 
however,  remains  to  be  determined. 

As  mentioned  previously,  the  promoter  element  between 
—80  and  —63  shows  some  homology  to  an  Ets  factor  binding 
site.  Closer  analysis  of  this  site  also  revealed  homology  to  a 
variant  Spl  site,  which  was  previously  shown  to  respond  to 
EGF  treatment  (28).  In  fact,  supershift  analysis  of  the  -80  to 
-63  element  showed  specific  binding  of  Spl  (Fig.  3D).  This 
element  has  been  denoted  Spl(b)  in  order  to  distinguish  it  from 
the  Spl  site  further  upstream  (Spl(a)).  Interestingly,  the  bind¬ 
ing  of  Spl  to  the  Spl(b)  site  increased  in  the  presence  of  nuclear 
extracts  from  EGF-treated  cells  (Fig.  3D,  lanes  1  and  2)  despite 
the  fact  the  removal  of  the  Spl(b)  site  alone  has  no  impact  on 
the  overall  EGF  induction  of  the  FGF-BP  promoter  (Fig.  2). 


Role  of  PKC  and  MEKl  / 2  Signal  Transduction  Pathways  in 
FGF-BP  Regulation — In  order  to  differentiate  between  the  pos¬ 
sible  signaling  pathways  involved  in  EGF  induction  of  FGF-BP, 
we  tested  pharmacological  inhibitors  of  signal  transduction 
components  for  their  effect  on  FGF-BP  regulation.  We  found 
that  treatment  with  the  EGFR  tyrosine  kinase  inhibitor  tyr- 
phostin  AG1478  reduced  EGF  induction  of  FGF-BP  to  30% 
(Fig.  4),  which  was  not  significantly  different  from  the  basal 
level  of  expression  (without  EGF  or  drug  treatment)  of  approx¬ 
imately  25%  (data  not  shown).  As  expected,  EGFR  t3^osine 
kinase  activity  is  essential  for  the  EGF  effect  on  the  FGF-BP 
gene.  In  addition,  we  have  shown  previously  that  TPA  induc¬ 
tion  of  FGF-BP  transcription  was  mediated  through  a  PKC-de- 
pendent  pathway  (10).  To  establish  whether  PKC  activation 
was  also  required  for  the  EGF  effects  on  FGF-BP,  we  treated 
ME- 180  cells  with  the  specific  PKC  inhibitor  calphostin  C  (29) 
and  found  that  this  completely  blocked  EGF  induction  of 
FGF-BP  mRNA  (Fig.  4).  Therefore,  PKC  activation  is  central  in 
mediating  FGF-BP  transcriptional  activation  upon  either  EGF 
or  TPA  stimulation. 

Since  the  MEK/ERK  pathway  is  known  to  be  stimulated  by 
EGF,  we  investigated  the  contribution  of  the  MAP  kinase  ki¬ 
nases  MEKl  or  MEK2  to  FGF-BP  using  pharmacological  in¬ 
hibitors  of  MEKl/2.  Treatment  with  the  drug  U0126,  which  is 
a  potent  inhibitor  of  both  MEKl  and  MEK2,  abrogated  EGF 
induction  of  FGF-BP  mRNA  (Fig.  4).  Consistent  with  the  role  of 
MEK  in  FGF-BP  induction,  treatment  with  a  less  potent  MEK 
inhibitor  PD98059  also  blocked  the  EGF  effect  on  FGF-BP, 
albeit  at  higher  concentrations  (data  not  shown).  Therefore, 
activation  of  the  MEK  pathway  is  a  necessary  step  in  EGF 
regulation  of  FGF-BP. 

EGF  is  also  known  to  stimulate  intracellular  signaling  via 
the  PI  3-kinase  pathway  (18).  In  order  to  test  the  contribution 
of  PI  3-kinase  to  FGF-BP  regulation,  we  used  the  drug  wort- 
mannin  to  specifically  inhibit  PI  3-kinase  activity.  Pretreat- 
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Fig.  3.  Characterization  of  transcription  factor  binding  to  FGF-BP  promoter  elements.  A,  double-stranded  oligonucleotide  sequences 
of  FGF-BP  promoter  elements  used  for  gel  shift  analysis.  Supershift  analysis  of  transcription  factor  binding  to  the  AP-1  site  (B),  C/EBP  site  (C), 
or  Spl(b)  site  (D)  of  the  FGF-BP  promoter.  Gel  shift  assay  with  the  labeled  FGF-BP  promoter  sequences  as  indicated  were  incubated  in  the 
presence  of  nuclear  extracts  from  untreated  or  EGF-treated  ME-180  cells.  Binding  reactions  were  incubated  in  the  presence  of  supershift 
antibodies  as  indicated  in  each  figure.  Specific  binding  of  AP-1,  C/EBP,  and  Spl  are  indicated  by  an  arrow  at  the  left  of  each  pone/.  Supershift 
complexes  are  labeled  by  an  asterisk  on  either  side  of  the  gel.  Competition  for  C/EBP  binding  was  carried  out  in  the  presence  of  a  50-fold  molar 
excess  of  unlabeled  oligonucleotides  as  indicated. 


ment  with  wortmannin  at  two  different  concentrations  had  no 
effect  on  EGF  induction  or  FGF-BP  mRNA  (Fig.  5A).  Endoge¬ 
nous  PI  3-kinase  activity  in  ME-180  cells,  as  measured  by 
immunoprecipitated  Akt  kinase  activity,  was  induced  approx¬ 
imately  2-fold  by  EGF  and  was  effectively  blocked  by  the  same 


concentrations  of  wortmannin  and  under  the  same  experimen¬ 
tal  conditions  used  for  the  analysis  of  FGF-BP  (Fig.  5B).  There¬ 
fore,  we  conclude  that  activation  of  PI  3-kinase  upon  EGF 
treatment  does  not  play  an  essential  role  in  the  regulation  of 
FGF-BP  expression.  Furthermore,  the  lack  of  effect  by  wort- 
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Fia.  4.  Effect  of  si^al  transduction  inhibitors  on  EGF  induc¬ 
tion  of  FGF-BP  mRNA.  FGF-BP  mRNA  levels  from  ME480  cells 
treated  with  5  ng/ml  EGF  for  6  h.  Cells  were  pretreated  for  1  h  with 
vehicle  alone,  5  jag/ml  actinomycin  D  (transcription  inhibitor),  100  /xM 
tyrphostin  AG1478  (EGFR  tyrosine  kinase  inhibitor),  100  nM  calphostin 
C  (PKC  inhibitor),  or  10  /txM  U0126  (MEKl/2  inhibitor).  Northern  blot 
signal  intensities  of  FGF-BP  mRNA  were  quantitated,  normalized  to 
GAPDH,  and  expressed  relative  to  mRNA  levels  after  EGF  treatment 
alone  (without  inhibitor),  which  was  set  to  100%.  Basal  FGF-BP  level 
(without  EGF  or  inhibitor)  was  approximately  25%,  Values  represent 
the  mean  and  S.D,  of  at  least  two  separate  experiments. 

mannin  served  as  a  negative  control  and  demonstrates  speci¬ 
ficity  of  the  inhibitions  observed  in  Fig.  4. 

Induction  of  FGF-BP  through  p38  Kinase — Stimulation  of 
the  JNK/p38  MAP  kinase  pathway  has  also  been  shown  to 
regulate  AP-1  activity  in  response  to  mitogens  and  stress  (17). 
We  therefore  tested  whether  JNK  or  p38  activation  could  in¬ 
duce  FGF-BP  gene  expression  by  treating  with  the  antibiotic 
anisomycin.  Anisomycin  treatment  at  concentrations  below 
200  nM  is  known  to  be  an  effective  stimulator  of  both  JNK  and 
p38  kinase  activity  (30).  Treatment  of  ME-180  cells  with  ani¬ 
somycin  alone  resulted  in  a  significant  and  dose-dependent 
increase  of  FGF-BP  mRNA  levels  up  to  2.3-fold  (Fig.  6A),  sug¬ 
gesting  that  activation  of  the  JNK/p38  pathway  might  be  in¬ 
volved  in  the  regulation  of  FGF-BP. 

To  further  investigate  the  involvement  of  p38  kinase  in 
FGF-BP  regulation,  we  tested  the  contribution  of  p38  to 
FGF-BP  induction  using  the  p38-speciflc  inhibitors  SB203580 
and  SB202190,  which  have  no  inhibitory  activity  for  JNK  or 
ERKl/2  (31-33).  Treatment  with  SB203580  or  SB202190  sig¬ 
nificantly  reduced  EGF  induction  of  FGF-BP  mRNA  by  50%  to 
75%  in  a  dose-dependent  manner  (Fig.  6B).  In  contrast,  there 
was  no  reduction  after  treatment  with  SB202474,  a  drug  with 
a  similar  structure  as  SB203580  and  SB202190  but  with  no 
inhibitory  activity  for  p38.  Additionally,  p38  inhibition  com¬ 
pletely  blocked  anisomycin  induction  of  FGF-BP  (Fig.  6R,  in¬ 
set),  demonstrating  that  both  anisomycin  and  EGF  induction  of 
FGF-BP  mRNA  require  p38  activation. 

To  investigate  a  possible  additive  or  synergistic  interaction 
between  ERK  and  p38  pathways  in  EGF-induced  FGF-BP  ex¬ 
pression,  we  treated  cells  simultaneously  with  the  MEK  inhib¬ 
itor  (U0126)  and  the  p38  inhibitor  (SB202190)  and  examined 
the  effect  on  FGF-BP  mRNA.  As  shown  in  Fig.  7,  treatment 
with  suboptimal  doses  of  U0126  alone  or  with  SB202190  alone 
resulted  in  approximately  20%  decrease  in  EGF-induced  FGF- 
BP.  Simultaneous  treatment  with  both  inhibitors  resulted  in  a 
40%  reduction  of  FGF-BP  mRNA  levels,  indicating  that  the 
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Fig.  5.  Effect  of  PI  3-kinase  inhibition  on  EGF-induced 
FGF-BP  mRNA.  A,  FGF-BP  mRNA  levels  after  pretreatment  with 
vehicle  alone  or  with  the  indicated  concentration  of  wortmannin  (PI 
3-kinase  inhibitor)  for  1  h,  followed  by  6  h  of  treatment  with  5  ng/ml 
EGF.  FGF-BP  mRNA  levels  were  analyzed  by  Northern  blot,  normal¬ 
ized  for  GAPDH,  and  expressed  relative  to  untreated  control.  B,  inhi¬ 
bition  of  PI  3-kinase  activity  by  wortmannin.  ME-180  cells  were  pre¬ 
treated  for  1  h  with  or  without  wortmannin,  stimulated  for  5  min  with 
5  ng/ml  EGF,  and  assayed  for  Akt  kinase  activity  (downstream  target  of 
PI  3-kinase)  as  described  under  “Experimental  Procedures.” 

contribution  of  each  of  these  pathways  is  additive  and  not 
synergistic. 

Contribution  of  MEK  I  ERK  and  p38  Pathways  to  FGF-BP 
Promoter  Activity — Inhibition  of  MEK  and  p38  with  pharma¬ 
cological  agents  demonstrated  the  importance  of  these  kinases 
in  mediating  the  induction  of  FGF-BP  by  EGF.  To  confirm  the 
role  of  each  of  these  pathways  in  the  regulation  of  FGF-BP 
transcription,  we  expressed  dominant-negative  mutants  that 
specifically  suppress  the  enzymatic  activity  of  their  endogenous 
counterparts.  Co-transfection  of  a  dominant-negative  form  of 
MEK2  with  the  FGF-BP  promoter  luciferase  construct  (-118/ 
+62)  into  ME-180  cells  resulted  in  a  significant  decrease  in  the 
amount  of  EGF  induction  (Fig.  8A).  In  addition,  inhibition  of 
ERK,  the  MAP  kinase  target  of  MEK,  by  co-transfection  of  a 
kinase-deficient  dominant  negative  ERK2  mutant,  also  re¬ 
sulted  in  a  significant  decrease  in  EGF  induction  (Fig.  8A). 
Inhibition  of  the  MEK/ERK  signaling  pathway  with  these  dom¬ 
inant  negative  mutants  led  to  nearly  a  50%  decrease  in  EGF 
induction  of  the  FGF-BP  promoter.  These  results  support  the 
hypothesis  that  activation  of  MEK  and  ERK  by  EGF  are  nec- 
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Fig.  6,  Involvement  of  p38  MAP  kinase  in  the  anisomycin  and 
EGF  induction  of  FGF-BP  mRNA.  A,  anisomycin  induction  of 
FGF-BP  mRNA.  ME- 180  cells  were  treated  for  6  h  with  the  indicated 
concentrations  of  anisomycin.  The  mean  and  S.E.  of  at  least  three 
separate  experiments  are  given.  Statistically  significant  differences 
relative  to  the  control  (untreated)  group  are  indicated  (*,  p  <  0.05; 
p  <  0.01,  t  test).  B,  p38  inhibition  blocks  EGF  and  anisomycin  {inset) 
induction  of  FGF-BP  mRNA.  ME- 180  cells  were  pretreated  for  1  h  with 
the  indicated  concentration  of  p38  inhibitors  SB203580  {closed  circles) 
and  SB202190  {open  circles)  or  with  the  control  compound  SB202474 
{open  triangles),  followed  by  6-h  treatment  with  EGF  (5  ng/ml)  or 
anisomycin  (200  nivr).  Northern  blot  signal  intensities  of  FGF-BP  mRNA 
were  quantitated,  normalized  to  GAPDH,  and  expressed  relative  to 
mRNA  levels  after  EGF  or  anisomycin  treatment  alone  (without  inhib¬ 
itor),  which  was  set  to  100%.  Basal  FGF-BP  level  (without  EGF  or 
inhibitor)  was  approximately  25%  of  EGF-treated.  Values  represent  the 
mean  and  S.D.  of  at  least  two  separate  experiments. 

essary  for  induction  of  the  FGF-BP  gene. 

To  test  the  contribution  of  p38  and  JNK  to  EGF  induction  of 
FGF-BP,  co-transfected  dominant  negative  mutants  of  JNK 
and  p38  along  with  the  FGF-BP  promoter  into  ME- 180  cells 
(Fig.  8A).  Each  dominant  negative  mutant  contains  an  alanine 
and  phenylalanine  in  place  of  the  activating  threonine  or  tyro¬ 
sine  phosphorylation  sites  (22,  23).  Expression  of  the  domi¬ 
nant-negative  JNK  mutant  had  no  significant  effect  on  EGF 
induction  compared  with  the  empty  vector.  On  the  other  hand, 
expression  of  the  dominant-negative  p38  mutant  consistently 
reduced  EGF  induction  of  FGF-BP  transcription.  Although  in¬ 
hibition  of  p38  reduced  promoter  activity  by  only  23%,  this 
difference  was  statistically  significant  from  empty  vector- 
transfected  cells.  Additionally,  we  tested  whether  overexpres¬ 
sion  of  wild-type  JNK  or  p38  constructs  could  affect  EGF  in¬ 
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Fig.  7.  Additive  contribution  of  ERK  and  p38  pathways. 

FGF-BP  mRNA  levels  from  ME- 180  cells  treated  with  5  ng/ml  EGF  for 
6  h.  Cells  were  pretreated  for  1  h  with  vehicle  alone  or  with  suboptimal 
concentrations  of  U0126  (MEKl/2  inhibitor)  and/or  SB202190  (p38 
inhibitor).  Northern  blot  signal  intensities  of  FGF-BP  mRNA  were 
quantitated,  normalized  to  GAPDH,  and  expressed  relative  to  mRNA 
levels  after  EGF  treatment  alone  (without  inhibitor),  which  was  set  to 
100%.  Basal  FGF-BP  level  (without  EGF  or  inhibitor)  was  approxi¬ 
mately  25%.  Values  represent  the  mean  and  S.D.  of  at  least  two  sepa¬ 
rate  experiments. 

duction  of  the  FGF-BP  promoter.  In  agreement  with  the 
dominant-negative  data,  expression  of  JNK  had  no  significant 
effect  on  promoter  activity,  whereas  expression  of  p38  consis¬ 
tently  resulted  in  a  higher  level  of  EGF  induction  of  FGF-BP 
transcription,  which  was  significantly  higher  than  the  empty 
vector  control  (Fig.  8B).  Furthermore,  expression  of  a  constitu- 
tively  active  mutant  of  MKK6,  MKK6(Glu),  a  MAP  kinase 
kinase  that  specifically  phosphorylates  p38  (25),  was  also 
tested  for  its  effect  on  FGF-BP  induction.  Overexpression  of 
MKK6(Glu)  caused  a  significant  increase  in  both  basal  and 
EGF-induced  FGF-BP  promoter  activity  (Fig.  8B).  Overall, 
these  data  implicate  ERK  and  p38  as  being  necessary  for  the 
full  induction  of  FGF-BP  by  EGF.  The  lack  of  effect  on  FGF-BP 
promoter  activity  by  either  JNK  overexpression  or  by  inhibition 
of  JNK  through  expression  of  a  dominant-negative  JNK  mu¬ 
tant  or  expression  of  JIP,  which  prevents  nuclear  translocation 
of  activated  JNK  (24)  (Fig.  85),  suggests  that  JNK  activation 
does  not  play  a  role  in  the  regulation  of  FGF-BP  in  these  cells. 

DISCUSSION 

This  study  shows  for  the  first  time  that  transcription  of 
FGF-BP,  an  important  mediator  of  FGF  activation  in  SCO,  is 
directly  induced  by  EGF.  The  EGF  family  of  growth  factors, 
which  include  EGF,  transforming  growth  factor-a,  and  other 
structurally  related  peptides,  cause  cellular  signaling  through 
the  EGFR  pathway,  regulating  proliferation  and  differentia¬ 
tion  of  many  tissue  types.  Deregulation  of  the  EGF-induced 
signaling  network  is  known  to  play  an  important  role  in  the 
tumorigenesis  of  several  human  cancers,  including  neoplasms 
of  the  brain,  lung,  breast,  ovary,  pancreas,  prostate,  and  colon, 
as  well  as  in  SCO  of  the  skin  and  cervix  (11,  12,  34).  Here,  we 
have  shown  that  EGF  up-regulates  FGF-BP  gene  expression, 
suggesting  a  link  between  activated  EGF  signaling  in  a  cell  and 
subsequent  FGF  activation,  ultimately  leading  to  activation  of 
FGF-mediated  processes,  such  as  angiogenesis,  during  devel¬ 
opment  and  tumor  growth. 

The  up-regulation  of  FGF-BP  by  EGF  was  found  to  show 
characteristics  similar  to  TPA  induction  of  this  gene,  including 
a  rapid  and  transient  increase  in  FGF-BP  mRNA  levels,  and 
the  requirement  of  transcriptional  elements  within  the  TPA 
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Fig.  8.  Effect  of  dominant  negatives  on  EGF  induction  of 
FGF-BP  promoter  activity.  A,  ME-180  cells  were  transiently  co¬ 
transfected  with  the  “118/+62  FGF-BP  promoter  construct  along  with 
either  empty  vector  or  with  dominant  negative  mutant  constructs  for 
MEK2,  ERK2,  JNK,  or  p38.  Transfected  cells  were  either  untreated  or 
treated  with  5  ng/ml  EGF  for  18  h.  EGF  induction  is  determined  by  the 
-fold  increase  in  luciferase  activity  and  expressed  relative  to  the  empty 
vector  control,  which  is  set  at  100%.  Basal  (uninduced)  promoter  activ¬ 
ity  was  approximately  18%  of  EGF-treated.  Values  represent  the  mean 
and  S.E.  from  at  least  three  separate  experiments,  each  done  in  tripli¬ 
cate  wells.  Statistically  significant  differences  relative  to  the  empty 
vector  control  are  indicated  0*',  p  <  0.05;  p  <  0.01;  p  <  0.001,  t 
test).  B,  ME-180  cells  co-transfected  with  -118/+62  FGF-BP  promoter 
construct  and  either  empty  vector  or  expression  vectors  for  JNK,  p38, 
MKK6  (Glu),  or  JIP.  Cells  were  treated  as  in  A,  and  the  FGF-BP 
promoter  activity  is  shown  relative  to  the  untreated  empty  vector  con¬ 
trol.  Statistical  analysis  was  as  described  in  A,  and  differences  in  the 
absence  or  presence  of  EGF  are  compared  with  the  empty  vector  control 
in  the  absence  or  presence  of  EGF,  respectively. 


regulatory  region  (—118  to  +62)  of  the  promoter.  Transcrip¬ 
tional  regulation  of  FGF-BP  by  EGF  required  the  AP-1  site 
between  -65  and  -61,  which  is  bound  by  c-Fos  and  JunD 
family  members  (Figs.  2  and  3B).  The  finding  that  c-Fos  is 
associated  with  FGF-BP  up-regulation  is  significant,  since  an 
important  role  for  c-Fos  during  SCO  formation  has  been  ob¬ 
served.  Studies  with  c-fos  knockout  mice  demonstrated  that 
c-fos  is  required  for  malignant  transformation  of  skin  papillo¬ 
mas  into  malignant  carcinomas,  since  c-/bs(-/-)  papillomas 
became  desiccated  and  hyperkeratinized,  lacked  vasculariza¬ 
tion,  and  remained  benign  (35).  Since  the  FGF-BP  gene  was 
previously  found  to  be  highly  induced  during  skin  carcinogen¬ 
esis  (8),  it  seems  possible  that  this  gene  could  be  a  target  of 


c-Fos  activation  during  skin  SCC  tumor  formation,  providing  at 
least  one  mechanism  for  the  recruitment  of  new  blood  vessels  to 
the  tumor. 

The  other  required  EGF  response  element  in  the  FGF-BP 
promoter  is  the  C/EBP  site  between  -47  and  -33,  which  is 
predominantly  bound  by  the  C/EBPjS  and  C/EBP8  family  mem¬ 
bers  (Figs.  2  and  3C).  C/EBP  proteins  are  a  family  of  leucine 
zipper  transcription  factors  that  play  a  central  role  in  the  acute 
phase  response  and  in  a  number  of  cell  differentiation  path¬ 
ways  (reviewed  in  Ref.  36).  Regulation  of  C/EBP  activity  occurs 
at  multiple  levels,  including  increased  gene  expression  (37,  38), 
nuclear  localization  (39),  enhanced  DNA  binding  (40),  and  post- 
transcriptional  modification  by  protein  kinases  (27,  41).  Be¬ 
cause  we  observed  no  increase  in  C/EBP  binding  to  the  FGF-BP 
promoter  after  EGF  treatment,  it  seems  likely  that  stimulation 
of  C/EBP  transcriptional  activity  occurs  through  a  post-trans¬ 
lational  modification.  This  conclusion  is  consistent  with  other 
studies  demonstrating  that  TPA  stimulation  of  the  PKC  path¬ 
way  in  hepatoma  cells  results  in  increased  phosphorylation  of 
C/EBP^,  enhanced  transcriptional  efficacy,  and  no  obvious 
changes  in  DNA  binding  (27,  42). 

C/EBP  family  members  recognize  similar  DNA  elements  in 
their  target  genes,  where  they  bind  either  as  homodimers  or 
heterodimers  with  other  C/EBP  family  members  or  with  other 
leucine  zipper  factors  (43).  Whereas  C/EBPa  is  generally  asso¬ 
ciated  with  growth  arrest  and  cellular  differentiation,  C/EBPp 
and  C/EBP6  are  often  correlated  with  gene  activation  during 
cellular  proliferation,  inflammation,  and  tumorigenesis  (44- 
46).  Analysis  of  different  C/EBP  target  gene  promoters  has 
demonstrated  a  finely  tuned  regulation  of  gene  expression 
through  the  interplay  of  different  C/EBP  factors.  During  the 
acute  phase  response,  for  example,  the  amount  of  C/EBPa 
homodimers  or  heterodimers  is  reduced  and  replaced  by 
C/EBPi3  and  C/EBP8  complexes  (47-49).  Interestingly,  study  of 
cyclooxygenase-2  promoter  regulation  by  C/EBP  during  skin 
carcinogenesis  showed  a  change  in  C/EBP  complexes  from 
C/EBPa-C/EBP/3  in  normal  skin  to  predominantly  C/EBP/3-C/ 
EBP8  complexes  in  skin  SCC  (50).  The  presence  of  C/EBP /3*C/ 
EBP8  complexes  on  the  FGF-BP  promoter  in  ME-180  SCC  cells 
raises  the  possibility  that  FGF-BP  up-regulation  during  tumor 
formation  may  be  in  part  due  to  an  interplay  between  the 
different  C/EBP  family  members. 

In  trying  to  delineate  the  signal  transduction  pathway  reg¬ 
ulating  FGF-BP  gene  expression,  we  found  that  activation  of 
PKC  plays  a  central  role,  since  inhibition  of  PKC  with  calphos- 
tin  C  blocks  both  the  EGF  (Fig.  4)  and  TPA  (10)  induction  of 
this  gene.  PKC  activation  in  response  to  growth  factor  stimulus 
can  lead  to  stimulation  of  the  classical  MAP  kinase  pathway 
RafTMEK/ERK  and  subsequent  activation  of  AP-1.  PKC-medi- 
ated  signaling  through  this  pathway  can  be  achieved  through 
either  Ras-dependent  (15)  or  Ras-independent  (16)  mecha¬ 
nisms.  The  involvement  of  Ras  in  FGF-BP  regulation  is  sus¬ 
pected,  since  FGF-BP  expression  is  increased  after  DMBA 
treatment  and  in  ras-transformed  keratinocytes  (8).  A  direct 
role  for  Ras  in  the  activation  of  FGF-BP  expression,  however, 
has  yet  to  be  determined.  In  addition  to  PKC,  the  EGF- acti¬ 
vated  MEK/ERK  pathway  plays  a  significant  role  in  the  regu¬ 
lation  of  FGF-BP  gene  expression,  since  pharmacological  and 
dominant-negative  inhibition  of  MEK  or  ERK  abrogates  EGF 
induction.  Although  the  exact  target  of  ERK  activation  was  not 
examined  in  this  study,  ERK  has  been  shown  to  phosphorylate 
and  activate  both  AP-1  (14)  and  C/EBP  (41)  family  members. 

p38  is  a  JNK-related  MAP  kinase  that  is  activated  in  re¬ 
sponse  to  a  variety  of  stimuli  including  growth  factors,  phorbol 
esters,  C3d:okines,  and  environmental  stress  (17).  Using  a  num¬ 
ber  of  different  approaches,  we  show  in  this  study  that  in 
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addition  to  ERKs,  p38  contributes  to  the  EGF  induction  of 
FGF-BP.  We  demonstrated  the  inhibition  of  EGF-induced 
FGF-BP  by  pyridinyl  imidazole  compounds  (SB202190  and 
SB203580),  which  selectively  inhibit  p38a  and  p38/32  isoforms 
but  have  no  effect  on  the  activity  on  other  p38  isoforms,  JNK, 
or  ERK  (31-33).  In  addition,  we  have  shown  that  FGF-BP 
promoter  activity  is  inhibited  by  expression  of  a  dominant¬ 
negative  p38  mutant  but  is  activated  by  overexpression  of 
wild-type  p38.  p38  is  phosphorylated  and  activated  by  the  dual 
specificity  protein  kinases  MKK3,  MKK4,  and  MKK6  (23,  25, 
51-54).  Although  overexpression  of  the  p38-specific  kinase 
MKK6  can  stimulate  FGF-BP  transcription,  the  signal  trans¬ 
duction  cascades  that  connect  EGFR  activation  to  phosphoryl¬ 
ation  of  p38  in  ME- 180  cells  remain  unknown.  One  possible 
pathway  that  is  currently  under  investigation  is  the  involve¬ 
ment  of  two  members  of  the  Rho  family  of  GTPases,  Rac  and 
CDC42,  which  are  known  to  regulate  the  activity  of  both  JNK 
and  p38  (55-58).  Furthermore,  Rac  and  CDC42  can  be  acti¬ 
vated  downstream  of  Ras  (55),  thereby  connecting  p38  and  JNK 
activation  to  growth  factor  effects  on  cell  growth  and  prolifer¬ 
ation.  Transcription  factor  targets  of  p38  include  CREB  and 
ATFl  (59,  60),  ATF2  (25,  61),  MEF-2C  (62),  and  the  C/EBP 
family  members  CHOP  (63)  and  C/EBP^  (64,  65),  suggesting 
that  C/EBP/3  and/or  C/EBP6  could  be  targets  of  p38  activation 
on  the  FGF-BP  promoter. 

In  general,  EGF  regulation  of  FGF-BP  gene  expression 
seemed  to  be  more  dependent  on  the  MEK/ERK  pathway,  since 
inhibition  of  MEKl/2  with  U0126  completely  abrogated  induc¬ 
tion,  and  expression  of  dominant  negative  MEK  or  ERK  re¬ 
duced  induction  by  50%.  p38,  on  the  other  hand,  appears  to 
play  a  somewhat  lesser  role,  since  pharmacological  inhibition 
of  p38  caused  a  maximum  50%  reduction  of  FGF-BP,  and 
expression  of  dominant  negative  p38  reduced  induction  by  only 
23%.  Although  stimulation  of  the  p38  pathway  plays  a  less 
prominent  role,  regulation  of  FGF-BP  by  p38  may  be  independ¬ 
ent  of  MEK/ERK  activation,  since  they  function  in  an  additive 
rather  than  synergistic  manner  (Fig.  7).  While  the  mechanism 
for  these  differences  in  activity  of  each  pathway  remains  un¬ 
clear,  one  explanation  could  be  the  differences  in  their  tran¬ 
scription  target  specificities  at  the  level  of  the  FGF-BP 
promoter. 

This  study  also  examined  the  possible  role  of  JNK  in  the 
regulation  of  the  FGF-BP  gene.  Based  on  several  lines  of  evi¬ 
dence,  we  have  concluded  that  JNK  is  unlikely  to  be  involved  in 
FGF-BP  regulation.  Inhibition  of  JNK  activity,  either  through 
expression  of  a  dominant-negative  JNK  mutant  or  expression 
of  JIP,  had  no  effect  on  EGF  induction  of  the  FGF-BP  promoter. 
Overexpression  of  wild-type  JNK  also  had  no  effect  on  FGF-BP 
expression.  In  addition  to  this,  we  examined  the  activation  of 
Elkl  by  MEKK,  a  potent  activator  of  JNK  (66),  and  found  no 
effect  on  this  pathway  by  dominant  negative  JNK  or  JIP  ex¬ 
pression  (data  not  shown).  Furthermore,  we  found  no  activa¬ 
tion  of  FGF-BP  gene  expression  in  the  presence  of  UV  light 
(data  not  shown),  which  is  another  known  stimulator  of  the 
JNK  pathway  (17).  Together,  these  findings  indicated  that 
there  may  be  very  little  JNK  activity  in  ME- 180  cells  and  that 
JNK  activation  does  not  significantly  contribute  to  FGF-BP 
gene  expression  in  response  to  EGF. 

In  conclusion,  this  study  demonstrates  that  the  growth  factor 
EGF  induces  FGF-BP  gene  transcription  and  characterizes  the 
mechanisms  by  which  this  effect  is  accomplished.  The  EGF- 
mediated  pathways  leading  to  FGF-BP  transcription  and  sub¬ 
sequent  angiogenic  activation  include  the  selective  activation 
of  MEK/ERK  and  p38  MAP  kinase  pathways.  This  study  high¬ 
lights  several  targets  for  potential  anti-angiogenic  therapy  of 


human  cancers,  which  utilize  FGF-BP's  angiogenic  properties 
for  tumor  growth. 
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